
























This copy has been supplied by the Library of the University of Otago on the understanding that 
the following conditions will be observed: 
 
1. To comply with s56 of the Copyright Act 1994 [NZ], this thesis copy must only be used for 
the purposes of research or private study. 
 
2. The author's permission must be obtained before any material in the thesis is reproduced, 
unless such reproduction falls within the fair dealing guidelines of the Copyright Act 1994.  
Due acknowledgement must be made to the author in any citation. 
 












Anatomy of microvenous valves of normal and venous 
ulcerated lower limbs. 
Mark N Phillips 
,. 
A thesis submitted for the degree of 
Doctor of Philosophy 






> Venous disease is a very common disease that affects millions of people 
worldwide. While some of the factors that cause the development of varicose veins 
are well understood, the aetiology of venous ulceration is poorly understood. It has 
been demonstrated that venous valve failure in the large veins is an important factor 
leading to the development of varicose veins, however whether similar valves exist in 
the very small superficial veins of the human leg, and what role these valves may 
have in venous disease, is unknown. Therefore, the purpose of this study is to: 
1. Identify whether venous valves are present in the very small superficial veins 
I. l of the human leg, and if they are present, 
2. Describe the density, size distribution, morphology, and regional distribution 
of these microvenous valves in 'normal' cadaveric legs 
3. Compare the 'normal' microvenous valves from cadaveric tissue with 
_) microvenous valves from pathologic legs with chronic venous disease, to 
answer the hypothesis that individuals that develop venous ulceration have 
fewer microvenous valves than the normal population. 
·.'} 
In order to examine microvenous valves, two main methods have been utilised, 
E12 sheet plastination and vascular casting. These methods in combination provide 
valuable insights into the anatomy of microvenous channels, and allow examination 
and quantification of the venous valves. 
:I. 
Using several techniques, this study has shown that microvenous valves are 












microvalves have been shown to be most prevalent in the smallest of the veins, down 
to l8!J.m in diameter. Approximately 60% of the valves were found to be associated 
with tributaries. The gaiter region was demonstrated to contain the lowest number and 
density of microvenous valves, significantly less that the upper or mid calf regions. In 
addition, the gaiter region was found to have a much lower proportion of microvalves 
in the most superficial veins, when compared with the other regions examined. 
Contrary to our hypothesis, the number and density of microvalves in venous 
diseased legs was not different to that of normal legs. Similarly, the size and regional 
distributions were also not different. However, the microvalves from the venous 
diseased legs were significantly stretched and incompetent, allowing retrograde flow 
from the large veins through to the defii~:al capillaries. 
In conclusion, this study has shown that venous valves are present in the smallest 
of the superficial veins of the human leg, and that their density and distribution is not 
different between normal and venous diseased individuals. However, the microvalves 
from the diseased legs were incompetent and allowed retrograde flow. The role that 
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Chapter 1. Introduction and Review 
of the Literature. 
1.1 Introduction to the thesis. 
Venous valves have been known to exist in the large veins of the human body 
since the late 1500's. Essentially, venous valves are flaps of venous intima consisting 
of, usually, two cusps. In the large veins of the human body, venous valves are known 
to function in a similar way to the cardiac valves, that is, to prevent the retrograde 
flow of blood. In particular, venous valves have an important function in the large 
veins of the lower limbs, where blood attempts to pool due to the effect of gravity. 
During the late 1800's and early 1900's, Trendelenburg first established the link 
between venous valves, their normal function, and venous diseases such as varicose 
veins and venous ulcers. Since this time, there has been a considerable body of 
literature published regarding the anatomy, physiology, and pathology of venous 
valves. However, until very recently it was believed that venous valves were only 
present in the large veins of the human body - no valves were thought to exist in 
veins less than 2mm in diameter. Recent advances in vascular casting and scanning 
electron microscopy (SEM) have allowed venous valves to be identified in the small 
veins of the human face, dorsal thorax, abdomen, and buttock. To date, no 
investigations have studied the anatomy of the venous valves in the very small 
superficial veins of the human lower limb in a systematic regional manner. Moreover, 
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there is no evidence as to whether venous valves in the very small superficial veins of 
the human lower limb are involved in the development or progression of venous 
ulcers. 
1.2 History of venous valves 
Venous valves were first identified over 400 years ago. While the first observer of 
venous valves is debatable, it is well accepted that there were a number of individuals 
to first describe venous valves: Estienne, Canano, Silvius, and Aquapendente I-5. It 
was this work by Fabricius ad Aquapendente that stimulated the interest of William 
Harvey. While these early investigators made great steps to understanding the 
presence of venous valves, they made major errors when it came to attempting to 
decipher the function of these valves. These errors were due, in part, to the choice of 
regions investigated generally the hepatic and azygos veins. These problems were 
exacerbated since the vast majority of anatomists at the time were entrenched in 
Galen's theory of the physiology of blood movement. This theory stated that the 
arteries were responsible for the transport of air, while the veins carried blood. It was 
not until the arrival of William Harvey that the blood circulation was discovered and 
the function of venous valves more fully understood 5. 
In a series of experiments, Harvey demonstrated both the existence and function of 
venous valves 4' 5. While Harvey was not the first to show the existence of venous 
valves in the human, he was the first to correctly describe and demonstrate their 
function. It was shown in numerous animal and human dissections and physiological 
experiments that the primary role of venous valves was to maintain the direction of 
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blood flow, from the periphery, towards the heart. Harvey described that venous 
valves are not exclusively to stop the blood pooling in the legs due to gravity, since 
valves are also present in the jugular veins. Thus, Harvey postulated, venous valves 
are present to ensure that the blood moves from the lesser veins to the greater veins 
and from the extremities to the heart via the vena cavae 2• 4• 5. 
By the late 1800's and early 1900's, knowledge of the venous valves and blood 
circulation had grown considerably. In 1887, Karl Klotz suggested a link between the 
decrease in the number of venous valves in the leg with increasing age, and the 
development of varicose veins 4 . Four years later, in 1891, Trendelenburg made the 
connection between Broide's observations 6 that venous valves in the large veins are 
always present immediately distal to a tributary, and Klotz's theories about the 
development of varicose veins. This led Trendelenburg to publish a paper describing 
how ligation of the great saphenous vein (GSV) in the thigh would interrupt venous 
reflux and thus aid in the treatment of varicose veins 4• 7. This theory was furthered in 
1917 when Romans published a paper describing the relationship of valvular 
dysfunction, varicose veins, and venous ulcers 8. 
1.3 General overview of the venous system of the human lower 
limb. 
The anatomy of the veins of the lower limbs is extremely variable. However, there 
is a certain degree of predictability to this variability. This section will describe the 
so-called 'normal' anatomy of the major superficial, deep, and perforating veins of the 
human lower limb and foot. 
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1.3.1 The superficial veins of the leg. 
The superficial venous system of the human lower limb is formed around a core of 
two main veins - the great saphenous vein (GSV) (also known as, long saphenous 
vein, saphena magna) and the short saphenous vein (SSV) (also known as, small 
saphenous vein, lesser saphenous vein, saphena parva). These veins, together with 
their tributaries, create two distinct, yet interconnected, systems. 
The GSV ascends the lower limb from the foot to the groin. The GSV begins on 
the medial aspect of the foot as the dorsal arch vein; it passes the ankle between the 
landmarks of the medial malleolus and the tendon of tibialis anterior, ascends on the 
medial side of the leg, passes approximately one hand-span medial to the medial 
boarder of the patella, and along the medial aspect of the thigh. Once the GSV reaches 
the groin it turns deep, passing through an opening in the deep fascia, the saphenous 
opening, before joining the femoral vein approximately 2cm distal to the inguinal 
ligament. 
The SSV also arises from the dorsal arch vein of the foot, this time from the lateral 
aspect of the foot. The SSV passes between the lateral malleolus and the Achilles 
tendon. The vein then passes upwards along the calf, between, and superficial to, the 
two heads of the gastrocnemius muscle. According to textbooks of normal anatomy, 
the SSV dives deep within the popliteal fossa to join with the popliteal vein. However, 
it is widely accepted that the true site of the SSV moving deep to join with the 
popliteal vein is highly variable. Extending proximally from the SSV, as it dives deep 
to join the popliteal vein, is the vein of Giacomini (also called the cranial extension of 
the SSV, or the femoropopliteal vein). The vein of Giacomini encircles the medial 
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aspect of the thigh, extending from the SSV within the popliteal fossa, to the GSV 
near its termination into the femoral vein. 
The GSV and SSV are somewhat different from the majority of the superficial 
veins, since they do not lie amongst the adipose tissue; instead, they lie between two 
layers of fascia, within the 'saphenous compartment'. Deep to the GSV and SSV is 
the deep fascia of the leg, while superficially is the saphenous fascia 9-11 This 
arrangement of the anatomy of the saphenous veins is known to significantly decrease 
the chance reflux and the typical changes of varicosis, such as dilation and tortuosity, 
. h h . 12-14 m t e sap enous vems 
Running parallel to the saphenous veins are the accessory saphenous veins. These 
are also known as the anterior arch vein, posterior arch vein 9 The accessory 
saphenous veins, along with all the tributaries to the saphenous veins, lie superficially 
to the saphenous fascia, and are only surrounded loose adipose tissue 10' 11 This 
makes the accessory saphenous vein and the tributaries to the GSV and SSV 
significantly more likely to become varicosed than the GSV and SSV themselves. 
1.3.2 The deep veins of the leg. 
The deep veins of the body are those veins that lie beneath to the deep fascia. The 
major deep veins of the human lower limb tend to follow the course of the major 
arteries. These veins include the ante1ior tibial, posterior tibial, peroneal, and femoral 
veins. Along with these major deep veins, there are named veins that drain the blood 
from the muscle of the lower limbs - the soleal veins, and the medial and lateral 
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gastrocnemius veins. These veins are often referred to as venous sinuses due to their 
size and shape within the muscle belly. 
The deep veins of the lower limb may be divided into two main categories, venous 
conduits, and venous sinuses 15. The major veins of the limbs (such as the anterior 
tibial, posterior tibial, popliteal, and femoral veins), and their primary tributaries, act 
primarily as conduits, allowing the passage of venous blood from the tissues back to 
the heart. These veins play a relatively minor role in the calf pump mechanism to 
drive blood out of the limbs. Within the large muscles of the lower limbs are venous 
sinuses. These sinuses act as the reservoirs for the calf pump mechanism, filling with 
blood while the muscle is relaxed, and then being rapidly emptied during muscle 
contraction (as described in Section 1.5). The majority of the deep veins contain 
numerous venous valves, particularly within the veins proximal to the venous sinuses. 
1.3.3 The perforating veins of the leg. 
Connecting the deep and superficial venous systems are numerous perforating 
veins. It has been estimated that there may be as many as 60 perforating veins in each 
lower limb 15. The perforating veins are highly variable in number, size, location, and 
the veins into which they drain. Perforating veins may communicate either with the 
major conduit veins, or directly with the venous sinuses within the muscle belly. The 
majority of perforating veins, in the thigh and leg, contain venous valves that allow 
flow from the superficial veins to the deep veins. However, it is known that blood 
may flow from the deep veins to the superficial, via the perforator veins in some 
apparently normal limbs 15. It is widely accepted that the perforator veins of the foot 
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contain venous valves that direct the blood from the deep veins into the superficial 
veins on the dorsum of the foot 15. 
Clinically, perforating veins are named as relatively consistently identified groups 
of perforating veins. Recently an interdisciplinary consensus statement has been 
published which suggests that the naming of perforator veins be reviewed 9. The 
consensus statement recommends that the perforators be named by their topography 
as opposed to their current, rather meaningless nomenclature. 
1.3.4 The veins of the foot. 
The venous anatomy of the foot is considerably different to the leg. While most 
anatomy and surgical text describe the veins of the foot as either 'superficial' or 
'deep', there is very little evidence to back-up these statements. There is also a large 
gap in the literature when it comes to the general anatomy of the foot, in particular the 
presence and location of the deep fascia of the foot. It is known that the presence and 
morphology of the deep fascia varies greatly throughout the body 16' 17 • Therefore, the 
normal description of the superficial and deep veins should also vary since the 
classification of superficial and deep veins is based on the location of the deep fascia. 
In 1968, Kuster, Lofgren, and Hollinshead published their observations of the 
anatomy of the veins of the foot following the dissection of ten adult feet 18. In order 
to better describe the veins of the foot Kuster and colleagues divided the foot veins 
into five main subdivisions based on their 'depth' within the foot. 
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1. The supeificial dorsal system are those small veins (usually less than 2 mm in 
diameter) located immediately deep to the dermis. These veins are generally 
arranged in a reticular pattern. 
2. The dorsal venous arch is the next of the systems. The dorsal venous arch 
forms a direct communication from the GSV to the SSV. This venous arch is 
located between the deep and superficial fascia, and has connections with the 
veins of the dorsal and lateral aspects of the toes, superficial plantar veins, the 
superficial dorsal system, and, via the perforating veins, to the deep veins of 
the foot. 
3. The deep venous system of the foot consists of those veins accompanying the 
main arteries of the foot, along with the veins draining the intrinsic muscles of 
the foot, the bones, and other deep tissues. 
4. The supeificial plantar venous network consists of the small veins draining the 
skin and subcutaneous tissue on the plantar side of the foot. The superficial 
plantar network of veins has communications with each of the previously 
mentioned systems. 
5. The communicating veins are the final system identified by Kuster et al., 1968. 
They describe the communicating (or perforating) veins as any veins that 
connect between the different venous systems of the foot. 
Caggiati et al (2002) agree with this pattern of the arrangement of the foot veins, 
and state that the dorsal venous arch and the medial and lateral marginal veins of the 
foot are all contained within the saphenous compartment. 
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1.3.5 The concept of venosomes. 
An investigation by Taylor and colleagues published in 1987 demonstrated that the 
arteries of the human body are structured around blocks of tissue that are supplied by 
an individual artery 19. These blocks of tissue are referred to as arteriosomes. A 
similar concept exists when the venous system is considered - venosomes. A 
venosome is the area of tissue that is drained by one vein. 
Taylor et al. (1987) describe the basic unit of the venosome in the lower limb as a 
stellar form of converging veins. The major converging veins of the venosome often 
contain venous valves, while the more distal veins (which communicate with adjacent 
venosomes) are avalvular. These more distal veins of the venosome are often referred 
to as oscillating veins since it is possible for the blood flow to be bidirectional to 
allow equilibrium of flow and pressure. Thus, a venosome is the venous unit that is 
responsible for the venous drainage from a certain tissue volume, containing both 
valvular, and avalvular veins. 
The concept of the venosome may be viewed at many levels. For example, one 
could argue that the venosome of the external iliac vein is virtually the entire lower 
limb, while the venosome of a primary tributary to the GSV may be only a few cubic 
centimetres of superficial tissue. 
No literature has been found that discusses the volume of tissue that may be 
drained by one venosome. It is possible that the venous drainage of different regions 
of the body will be significantly different. That is, some regions may have venosomes 
that are of significantly different size or arrangement when compared to other regions. 
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It is likely that this would not affect the microcirculation and venous drainage in 
normal limbs, however in limbs with pathology affecting the veins (such as chronic 
venous insufficiency (CVI) and varicose veins), the venous drainage and 
microcirculation of some regions may be more greatly affected that others. 
1.3.6 Normal anatomy of the superficial microvenous system. 
The microvenous system may be divided into five sub-divisions based on the 
morphology of the venous wall. These sub-divisions are; venous capillary ( <8!lm in 
lumenal diameter), post-capillary venule (8-30!-!m in lumenal diameter), collecting 
venule (30-50!-!m in lumenal diameter), muscular venule (50-lOO!lm in lumenal 
diameter), and small collecting vein (100-300!-!m in lumenal diameter) 20. The 
morphological differences in the wall of these different vessel sizes are summarized in 
Table 1.1. 
Table 1.1 Morphological differences in the wall of microvenous vessels 20. 
Lumenal Wall Cells present within vessel wall 
diameter thickness 
Venous capillary <8 !till 0.5 !till Occasional pericytes 
Post-capillary 8-30 !till 1.5 !till Continuous layer of pericytes and some 
venule fibroblasts 
Collecting venule 30-50 !liD 1.7 !till Pericytes, fibroblasts and occasional primitive 
smooth muscle cells 
Muscular venule 50-100 !till 2!-tm Generally, a single layer of smooth muscle cells 
Small collecting 100-300 !liD 2-3 !till Multiple layers of smooth muscle cells 
vein 
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It is generally believed that the superficial microvenous channels are arranged in 
two main plexuses 21 -23 . These are referred to as the 'reticular plexus' (also known as 
the cutaneous plexus, deep plexus), at the level of the junction between the dermis and 
subcutaneous adipose tissue, and the 'papillary plexus' (also known as the 
subpapillary plexus, superficial plexus), immediately below the epidermal/dermal 
junction. This description of the microvascular system has been largely based on the 
physiological function of these vessels. The superficial plexus is known to be 
important for the health of the epidermis, since it is responsible for the delivery of 
nutritional circulation to the epidermis, via the capillary loops arising from the 
papillary plexus. The reticular plexus, on the other hand, is responsible for the 
thermoregulation. The vasculature of the reticular plexus constricts and dilates in 
response to the body temperature, thus allowing relatively more of less blood near the 
skin for heat transfer. 
However, relatively little scientific data has been found which thoroughly 
describes the anatomical distlibution of the cutaneous microvasculature. Ingram and 
Weaver (1969) investigated the anatomy of the cutaneous blood vessels of the pig, 
and changes in the vasculature in relation to chronic alterations in environmental 
temperature 24. Pigs at either 58, or 88 days of age were perfused with 3000 ml 
Monastral fast blue via the common carotid artery. Very thick histology sections of 
400-800 !liD were cut both perpendicular and parallel to the skin surface, and the 
density and depth of the blood vessels quantified. Ingram and Weaver describe that 
the majority of blood vessels in the cutaneous tissues were present in two main 
plexuses. The deeper layer was at the junction of the subcutaneous adipose tissue and 
the dermis, while the more superficial layer was immediately beneath the epidermis 24. 
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However, this description of the two plexuses is not supported by the data presented 
in the paper. Ingram and Weaver quantified the number of blood vessels present, and 
their depth below the epidermal surface, in 0.25mm2 skin samples. It is shown that the 
majority of the vessels counted were within 200[!m of the epidermal surface, this 
represents the papillary plexus of vessels. However, there is no increase in the number 
of vessels near the dermal-hypodermal junction, where the reticular plexus of vessels 
would be expected. The authors state that the reticular plexus is a collection of larger 
vessels, rather than an increase in the number of vessels. This accumulation of 
relatively large vessels. at the level of the dermal-hypodermal junction is likely to give 
the illusion of a true plexus, simply because of the large volume of vessels in the area, 
not necessarily because there is a true high number of vessels. 
1.4 Anatomy, development, and normal ageing of venous valves. 
1.4.1 Morphology of venous valves. 
Venous valves appear as very thin, delicate, projections (known as valve cusps or 
leaflets) into the venous lumen. Valve cusps are attached to the vein wall by way of a 
semi-lunar attachment point, referred to as the agger, and have a free boarder lying on 
the direction of the blood flow. The point where the cusps of two adjacent valves meet 
on the vein wall is termed the commisure, which, in the case of a normal competent 
valve, should not have a space between the cusps. 
As stated in previously, until very recently venous valves were only believed to be 
present in the larger veins of the human body. For this reason, the majority of the 
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investigations into the structure and morphology of venous valves have been 
performed on these larger valves (greater than 2mm in diameter). From these 
investigations, much information has been disseminated regarding the ultrastructural 
organization, and function of venous valves. 
Venous valves are invaginations of the intima of the vein wall into the lumen. The 
ultrastructure of these valves is an endothelial cell layer surrounding a fibrous core 
comprised of collagen and elastin. Sun and Zhang (1990) performed a histological 
study to investigate the constituents of venous valves. After investigating valves of 
the deep veins of the human lower limb, collagen, elastin, smooth muscle cells, and 
fibroblasts were all identified in the cusps of venous valves 25 . It is only briefly 
mentioned that the superficial veins are similar in both form and shape to the deep 
veins. 
However, several questions remain unanswered when microvenous valves are 
viewed. Moreover, the assumption that the microvenous valves function in the same 
manner as larger venous valves is in no way confirmed. 
As stated previously, very little has been written concerning the ultrastructure of 
the very small venous valves. Of that which has been written, the general organisation 
of the valvular ultrastructure is said to be relatively similar to that of the large valves, 
although differences are noted. Using transmission electron microscopy (TEM) on 
ultra-thin sections and semi-thin light microscopy it has been found that collagen 
bundles ascend into the valve cusp from the venous wall, and travel within the cusps 
of small venous valves for "long distances" 3. The collagen fibrils in small venous 
13 
valves have also been shown to be often arranged in loose spirals within the cusps of 
small valves, as opposed to the parallel bundles identified in larger valves 26 . Very 
few elastic fibres were found to be located in small venous valves 3' 26 . Many 
myofibroblasts were also identified within the cusps of small venous valves via TEM 
3 
1.4.2 Development of venous valves in the embryo. 
After a comprehensive search of the literature (using electronic catalogues and 
bibliographic sections from old texts), a mere handful of references were found that 
discussed the embryology and development of venous valves. While several authors 
have alluded to the development of venous valves 27 ' 28 very few have systematically 
investigated the question of the embryology of venous valves 29 . 
Kampmeier and La Fleur Birch published the first study found to investigate the 
embryological development of venous valves 29 . They used both classical dissection 
and 20!1-m thick histology sections to identify venous valves within the GSV and SSV 
in 13 human foetuses and newborns (approximately 2.5-10 months post-conception). 
Kampmeier and La Fleur Birch state that venous valves were first found to be present 
in the GSV of the foetuses at approximately 3.5 months of gestation. In particular, the 
venous valves were more developed in the most proximal segments of the GSV - near 
the saphenofemoral junction. They state that the majority of the venous valves had 
developed by the fifth month of gestation, although they give no evidence to support 
this claim. 
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Kampmeier and La Fleur Birch suggest a possible model for the development of 
venous valves. They describe five arbitrarily defined stages of valvular development. 
The first stage consisted of the formation of two transverse thickenings of the intima 
of the venous wall. As these thickenings became enlarged and more prominent they 
began to develop with the direction of blood flow - this is referred to as stage II of 
valvular development. Stage III is characterised by the elongation of the valve cusps 
and the formation of the semi lunar cusp shape. As the venous valvular sinus develops 
and the free edge of the valve cusp thickened, stage IV is reached. The final stage of 
valvular development occurred following birth. At this stage, the venous wall thinned 
dramatically - particularly in the region of the valvular sinus wall. This is thought to 
be due to a thinning of the tunica media, which will allow the sinus to distend when 
the venous valve becomes full, without increasing the local venous pressure on the 
valve cusp. While this sequence of events in the development of venous valves may 
be possible, there is little evidence to either support or refute this theory. 
While little is written on the embryological origins of venous valves, it may be 
possible to gain some knowledge from the embryology of cardiac valves, in particular 
from the right side of the heart since it is subjected to venous pressures. Relatively 
little is written on the development of the sinoatrial valves in the human, although it is 
said to be similar to that of other animals 30. While, an outline of the actual 
development of the valves of the heart in the human embryo was not found in the 
literature, it was stated that the sinoatrial valves are developed by the beginning of 
blood circulation in the embryo, at approximately 28 days of gestation 31 -33 • 
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Gallego et al. described the anatomy and development of the sinoatrial valves in 
the dogfish (Scyliorhinus canicula) 30. Hearts from 15 adults (410-520mm in total 
length) and 24 embryos (5.5-72mm in total length) were examined using scanning 
electron microscopy, histology, and histochemistry. 
It was found that in the smallest of the embryonic hearts investigated (from an 
embryo 5.5mm in length), the cardiac tube had not yet folded, and no evidence of 
folds or constrictions in the cardiac wall could be identified. Once the embryos were 
1 0.5-17mm in length, two transverse folds could be identified in the cardiac wall, at 
the level of the sinoatrial junction. The atrial and sinusal sides of the folds are, at this 
stage, separate structures and are not connected by a basement membrane core. Each 
fold was separate, and was not joined by a commissure, as is the case in the adult. In 
embryos 22-29mm in length, the two surfaces of the folds remain separate, although 
the epicardium begins to progressively cover the sinoatrial groove, which is created 
by the folds. At this stage, the valves continue to develop into their adult shape, with 
the ends of the valves growing closer together to form the commissure. Once the 
embryos were approximately 70mm in length, the valves showed no significant 
differences from their adult form, with the space between the atrial and sinusal 
surfaces of the valve having virtually disappeared. 
There was no literature found which discussed the cellular signalling pathways that 
initiate the change in the vessel wall to begin the development of the valves cusp. 
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1.4.3 Distribution of venous valves in the embryo. 
Kampmeier and La Fleur Birch briefly mention the presence of venous valves in 
the renal, spermatic, gastro-epiploic, omental, azygos, and cardiac veins of foetal 
tissues. More recently, Bruska (1995) performed gross dissections on six human 
foetuses (17-23 weeks old) to identify the distribution of venous valves in the above 
knee portion of the GSV 27 • Using stereomicroscopy, venous valves were found to be 
present in above knee portion of all limbs investigated. On average 3-4 valves were 
present in this segment, considerably fewer than the 8-14 valves known to be present 
in the above knee portion of the GSV in the adult 34-36. Although Bruska desc1ibes 
opening the GSV longitudinally from the femoral triangle to the medial malleolus, no 
mention is made of venous valves in the below knee portion of the vein. 
The vast majority of venous valves identified in the foetal tissue were of the 
bicuspid form. However, several examples of tricuspid venous valves were noted. 
Kampmeier also describes the presence of monocuspid valves, although the evidence 
given to support this statement is inconclusive. 
When the regional distribution of the venous valves in the GSV and SSV were 
studied in the foetuses, a pattern very similar to that of adults was found. The valve at 
the proximal end of the GSV, where it drains into the femoral vein, was the most 
consistent valve identified in the foetal limbs. Almost as common as this valve in the 
GSV, is the equivalent valve in the SSV where it enters into the popliteal vein. In both 
the main trunks of the GSV and SSV, venous valves were commonly found 
immediately distal to the orifice of a tributary. However, this was not always the case, 
with several venous valves present in locations not related to venous tributaries. In 
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approximately 50 per cent of the primary tributaries to either the GSV or SSV, venous 
valves were present within the orifice of the tributary. Kampmeier and La Fleur Birch 
do not go into any fmther detail about the structure or size of these venous valves 
present within the tributaries. 
1.4.4 Changes in adult valvular number with increasing age. 
It is well known that the incidence of varicose veins increases greatly with age. It 
is also known that one of the major causes of varicose veins is valvular incompetence 
in the veins of the lower limbs 3741 . Therefore, the question arises of what is the effect 
of normal ageing on the number of venous valves. 
Several authors have stated that the number of venous valves within the body is at 
its maximum during foetal or early post -natal, life 42' 43 . It is thought that the majority 
of these valves atrophy since they are in regions that are not subjected to venous 
haemodynamics to require the persistence of venous valves 42' 43 . However, the 
evidence to support this theory is relatively scarce due to the paucity of studies an 
adequate sample size within each age group. Certainly, from the data available (Table 
1.2) there does not appear to be a large drop in valve number in the post-natal period. 
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Table 1.2 Number of venous valves in the main superficial veins of the lower limb in 
foetal tissue. 
Venous valves were identified by their appearance by either dissection or histology studies. 
Embryonic (e), or postnatal ' Number of individuals Number of valves in Number of valves in 
(pn) age. studied GSV ssv 
12.0 weeks e 1 0 0 
14.3 weeks e 1 1 0 0 
15.0 weeks e 1 1 0 0 
15.6 weeks e 1 I 2 0 
16.0 weeks e 1 1 4 
16.5 weeks e 1 1 6 
18.6 weeks e1 1 10 10 
23.8 weeks e 1 1 13 11 
34.7 weeks e 2 1 17.5 
1.0 month pn I. 2 3 12-18 (14) 9 
5.0 month pn 3 2 8-11 (9.5) 
'Children' 3 2 10-14 (12) 
Adult 4-8 Various 8-10 8-10 
1. Kampmeier and La Fleur Birch (1927) 
2. Klotz (1887) as cited in Maros (1981) 
3. Bardeleben (1880) as cited in Maros (1981) 
4. Browse (1988) 
5. McMinn et al (1990) 
6. Moore (1999) 
7. Morris (1994) 
8. Rutherford (1995) 
1.4.5 Distribution _of venous valves in the large veins of the human lower limb. 
A considerable body of information has been published on the venous valves 
within the major superficial veins of the lower limb 4448. These investigations have 
used several different methodological approaches to identify the locations of venous 
valves within the major superficial veins of the lower limb. 
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It is widely accepted that approximately 8-10 valves are present within GSV and 
SSV, and that these valves are more prominent in the more distally in the limb 34-36• 39• 
41
. These venous valves are generally, although not always, associated with venous 
tributaries, with the valves present either within the orifice of the smaller tributary, or 
. h" h . k . d" 1 d" 1 h "b 26 35 49 50 wit m t e mam trun Imme 1ate y 1sta to t e tn utary ' ' ' . 
Brett and Hopkins ( 1990) used cadaveric dissection to study the number and 
distribution of venous valves in the GSV (n = 10 limbs; 5 male, 5 female). This paper 
also investigated the possibility of a reliable relationship between the location of the 
venous valves and the tributaries to the GSV. To identify the valves within the GSV 
and its primary tributaries the GSV was exposed from the sapheno-femoral junction to 
the medial malleolus. All tributaries to the GSV were dissected to a distance of 25 
mm from the GSV, or until the tributary was <1 mm in diameter. Following this, all 
the tributaries, along with the GSV itself, were opened longitudinally in order to 
visualize the valve cusps. It was found that there were more valves in the above knee 
potion of the GSV, when compared to the below knee portion (Table 1.3). This is an 
interesting finding, which appears to be contrary to that which is commonly stated in 
other publications 45' 46 The only mention this paper made about this apparent 
discrepancy with other literature is that their findings are in agreement with those of 
Gottlob and May (1986). However, Gottlob and May (1986) actually found that there 
was a higher number of valves in the below knee portion of the GSV, apparently 
contrary to that which was found by Brett and Hopkinson (1990). 
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Table 1.3 The mean (and range) number of valves in the GSV (data from Brett and 
Hopkinson, 1990). 
Male (n = 5) Female (n = 5) 
Above knee 5.2 (4-7) 5.2 (3-8) 
Below knee 4.4 (3-6) 3.2 (2-4) 
Whole vein 9.4 (8-11) 8.4(5-11) 
For the purposes of this investigation, it was arbitrarily decided that a tributary was 
associated with a valve if the distance between them was $;1 em. These findings show 
a poor correlation between the locations of tributaries to the GSV and venous valves. 
This is against that which is stated in many other publications 26· 49-51 • 
Although this paper from Brett and Hopkinson ( 1990) showed that the location of 
valves in the lower limb was difficult to accurately predict, some venous valves are 
present with relative consistency. 
In summary, investigations into the valvular anatomy of the human lower limb 
have shown that there is a loose pattern of valve locations 44• 49 . However, the exact 
location of the venous valves with respect to the venous tributaries is still very 
unpredictable 44. Very few studies were found to look at the small superficial 
tributaries. 
Since it is well known that there are no venous valves present in the inferior vena 
cava, the venous valves of the external iliac vein and the first part of the femoral vein 
are important for reducing the pressure load on the valve at the orifice of the GSV 52• 
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The absence of functional valves in these vessels predisposes the valves of the GSV to 
significantly increased pressure, and thus varicosities 52. 
1.4.6 Distribution of venous valves in other regions of the human body. 
In the large veins. 
Venous valves have been thoroughly investigated in the large veins of the human 
body since William Harvey described their presence in the late 1500's. While the 
majority of the literature focuses on valves in the large veins of the human lower limb, 
there is a considerable body of work that investigates the presence and distribution of 
venous valves in other regions of the body. 
In the head and neck region, venous valves are known to be present in the major 
veins, such as the tributaries to the subclavian vein, internal, external and anterior 
jugular vein, lingual vein, superior and inferior thyroid veins, and the oesophageal 
vein 43 . It is stated that the function of these valves in the major veins of the neck is to 
prevent the retrograde pressures generated in the thorax due to respiration. 
In the thorax, venous valves are present in the azygos system of veins and its 
primary tributaries, especially the intercostal (and lumbar) veins 43 . The cardiac veins 
have been demonstrated to contain valves by several researchers, although there 
remains significant controversy regarding which of the cardiac veins contain valves 43' 
53 
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It is generally accepted that venous valves are not present in the veins of the 
abdomen, especially in the inferior vena cava and portal system 43' 54 . However, Maros 
also states that it is known that the portal vein and its tributaries are known to contain 
numerous well formed valves in the foetus and newborn 43 . This statement is not 
referenced or supported with data. Moreover, Maros states that the venous valves in 
the portal system of the foetus regress in postnatal life, the leave only a few 
rudimentary valves in the coronary vein of the stomach. 
Venous valves are well known to be present in the large veins of the human upper 
limb since William Harvey's famous illustration depicting the presence and function 
of venous valves in the superficial veins of the forearm. It has been shown that on 
average 11.5 valves are present in the main trunk of an adult brachial vein, with 1-3 
valves in the axillary vein 43 . 
In the small veins. 
Using 1 !!ill serial histology sections of human abdominal and buttock skin, venous 
valves were identified in the small veins of the reticular plexus at the dermal-
subcutaneous junction 26• The venous valves identified were present in veins 70!!m-
120!!m in external diameter - with an associated lumenal diameter of 40!!m-80!!m. 
While several venous valves were identified in the small veins at the dermal-
subcutaneous junction, examination of the tissues failed to reveal similar valves in the 
mid and deep subcutaneous adipose tissue 26• 55 . 
Braverman and Keh-yen (1983) used a small biopsy of normal abdominal or 
buttock skin for their study. Tissue was collected for five patients, either as punch 
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biopsy of the abdomen or buttock, or full thickness abdominal wall. Veins at the in 
the dermal-subcutaneous junction of each of the samples were dissected out into small 
blocks containing a little dermis and fat. These veins were then sectioned 
longitudinally at l!lm and viewed by light microscopy. The valves were usually found 
within the smaller veins as they inserted into the larger veins, although valves were 
also within the larger veins in segments not associated with tributaries. The valves 
cusps at these two different locations were of identical ultrastructure, but differed 
from 'normal' cusps in the large veins. These valves in the very small veins at the 
dermal-subcutaneous junction were characterised by a single endothelial layer 
surrounding a core basement membrane, containing loosely arranged collagen fibrils, 
but no elastin. This is quite different from the valves within the GSV, which are 




• Due to these differences, it may be expected that these valves would have 
different mechanical and physical properties, for example, valve closure time, and 
therefore possibly differing functions - although this point was not discussed in the 
literature. 
Upon investigation of the microvasculature of the scapular fasciocutaneous flap 
using SEM of resin corrosion cast specimens (methyl methacrylate, Mercox), venous 
valves were identified in the venules of this tissue 3• 56• In total 905 venous valves 
were identified from the scapular fasciocutaneous flaps, at a surface area density of 
2.26 valves/cm2. However, the authors make no mention as to the thickness of the 
sampled tissue in this report. This is a severe oversight since the density of venous 
valves is of critical importance when one is attempting to compare the number venous 
valves with that of other regions, or the functional relevance of the venous valves. 
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Most authors have noted that venous valves are absent within the veins of the head 
and neck 23• 43 • 57 . Since the force of gravity does not act against the normal flow of 
blood in the large veins of these regions, it is assumed that the venous valves of this 
system either have regressed, or are very poorly developed 23• 43• 57 • Miyake et al. 
( 1996) used SEM of vascular casts to examine whether venous valves are present 
within the microvasculature of the human maxillofacial veins. It was found that veins 
500-1000[-tm in internal diameter (labial veins, nasodorsal veins) have venous valves 
present. Moreover, veins less than 500[-tm in lumenal diameter in the motile areas of 
the maxillofacial region have numerous venous valves 57• The valves identified were 
all bicuspid. 
Miyake et al (1996) demonstrated that venous valves were especially well 
developeq in the motile areas such as the lips, tongue, pharynx, and cheek. This is 
suggestive that these venous valves are involved with maintaining anterograde blood 
flow in those areas under haemodynamic stress due to muscle contraction, similar to 
their function in the lower limbs. 
1.4.7 Size distribution of veins containing venous valves. 
Little is known about the size distribution of veins that contain venous valves. As 
previously stated, until relatively recently venous valves were only thought to be 
present within the large vein. While some of the more recent literature describes the 
size of veins identified to contain valves, they seldom define the distribution of sizes 
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containing valves 26• 57 . Exceptions to this are recent publications from Aharinejad and 
colleagues 3' 56. 
Analysis of the findings of Aharinejad et al. shows that the majority of the venous 
valves identified in the scapular fasciocutaneous tissue flaps were present in veins 30-
120!lm in diameter (537/905; 59%). Fewer venous valves were identified in veins 
121-500!lm (268/905; 30%), 501-999!lm (63/905; 7%), and >1000!lm (37/905; 4%). 
These studies also show that the ratio of valve depth to venous diameter increases 
with increasing vein diameter. However, the importance of this finding was not 
discussed. 
This pattern of size distribution of vein containing valves is similar to the 
distribution of the sizes of the venous channels. In terms of the number of vessels, the 
circulation is dominated by the microvasculature. Therefore, this large number of 
venous valves in the microvasculature may not be unexpected, and may in fact be 
lower than expected. 
1.4.8 Anatomy of the venous valves in other species. 
While a large body of literature is written on the anatomy of venous valves in the 
human, relatively little is written considering the venous valves in other animals. Of 
those studies that have investigated the question of the anatomy of valves in animals, 
they generally consist of dissection or vascular casting experiments 58-60. 
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Chapple and Wood (1980) performed a relatively thorough dissection study of 
venous valves in the large veins of the lower limb of the macaque monkey (Macaca 
Fascicularis) 58 . They found that the venous system of the lower limbs of the 
macaque contained numerous valves, in the superficial, deep and perforating veins. 
The valves identified were located in the main trunk of the major veins of the limbs, 
and in the orifice of primary tributaries. Chapple and Wood state that venous valves in 
the short saphenous system of the macaque are preferentially located in the orifice of 
tributaries. The numbers of valves identified in the short saphenous vein and venae 
comitantes of the arteria saphena (GSV equivalent) were claimed to be similar to 
those of the human. However, only two limbs (from two animals) have the numbers 
of valves quantified. Moreover, the range in the number of valves between the two 
specimens was relatively large, with four valves identified in the GSV equivalent of 
one limb, and 13 valves identified in the same venous segment of another limb. The 
same is true for the SSV system, with the numbers of valves in the two specimens 
varying greatly, five and eleven. Whether these large variations are outliers or an 
indication of the normal variation within the Macaque population can not be identified 
from this very small sample size. 
Hossler and West (1988) performed vascular casting experiments on the head and 
neck region of a series of 3-4 week old (200g) ducklings 59. Using SEM of the 
vascular casts, Hossler and West investigated the morphometry of the venous valves 
in the veins associated with the eye and salt gland of the duckling, an area known to 
contain numerous valves 61 ' 62 . The appearance of the valve (whether bicuspid or 
otherwise), the diameter of the vein containing the valve, and the depth of the valve 
impression (sinus height) were measured from the vascular casts. The location, size, 
27 
density, and orientation of endothelial cell nuclei in the vein wall associated with the 
valve were also quantified in this study. The venous system of the ducklings was 
filled with a methyl methacrylate resin via an injection into the common carotid artery. 
The tissue was subsequently macerated in alternate rinses of 20% NaOH, and distilled 
water. The casts were either air-dried, or critical point dried, and viewed by SEM. 
Venous valves were found to be abundant in all areas of the duckling head, 
especially in the veins associated with the eye and salt gland. Of the 111 valves 
identified in medium and small veins (mean diameter 249.22t.tm ± 153.59; range 51-
723t.tm) the valves sinus height could be measured in only 41 valves due to the 
random orientation of the valves in the SEM. Of those valves with a measured sinus 
height, the mean ratio of the sinus height to the luminal diameter of the vein was 
0.62±0.17 (Table 1.4). 
Table 1.4 Venous valve morphometry from vascular casts of the duckling head and 
neck region 59• 
Cast dimension n Mean ± SD ()Lm) Range ()Lm) 
Luminal diameter of vein (A) Ill 249.2 ± 153.6 51-723 
Valve sinus depth (B) 41 106.2 ± 57.5 43-244 
Ratio (B/A) 40 0.62 ± 0.17 0.37-0.88 
Hossler and West (1988) also described the endothelial cell orientation on the 
different surface of the valve. It was found that on the medial surface (luminal) of the 
valve cusp, the endothelial cell nuclei were oriented parallel to the long axis of the 
vein. However, on the lateral surface (valve sinus) of the valve cusp the nuclei were 
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oriented perpendicular to the long axis of the vein. Along with this observation, 
Hossler and West also describe that the density of endothelial cells is significantly 
greater on the medial and lateral surfaces of the valve cusps when compared to the 
vein wall (p<0.05). It is hypothesised that these differences in the orientation and 
density of endothelial cells on the valve surface is due to the different stresses that the 
valve is subjected to. For example, the orientation of the endothelial cells on the valve 
surfaces is representative of the predominant direction of blood flow induced stress on 
the wall, while the increase in cell density of the cusps allows the valve to distend 
with less cellular stress, similar to the transitional epithelium in the wall of the urinary 
bladder. 
Valdatta et al (2001) investigated the rat epigastric vein using en face techniques to 
demonstrate the presence or absence of venous valves 60. This model was chosen 
since it is used relatively widely as a model of the haemodynamics associated with 
free-flap transfer. It was found that no venous valves are present in the selected region 
of the rat superficial epigastric vein. 
1.5 The function of venous valves in the human lower limb. 
Since William Harvey identified the circulation of blood, and the presence of 
venous valves, the function of these valves has been reasonably well understood. It is 
widely stated that the role of venous valves is to prevent retrograde blood flow due to 
the effect of gravity and muscular contractions 23' 40• 41 ' 63-66. However, few authors 
have looked at the physics of valvular function 67• 68 . 
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Using duplex ultrasonography to assess the haemodynamics associated with valve 
closure van Bemmelen and colleagues (1990) describe that venous valves in the major 
deep veins of the lower limb do not close simply due to cessation of anterograde flow. 
Instead, it is claimed that valve closure requires retrograde flow at a velocity of at 
least 30cm/s. This retrograde flow is very brief, immediately following a rapid 
reversal of the pressure gradient within the vein 68• 
Several studies do not support the findings of van Bemmelen 67• 69• 70. In vitro 
experiments with controlled flow parameters, direct assessment of valve position, 
flow velocities and pressures show that reverse flow does not occur, and that valve 
closure is reliant upon pressure changes, not flow 69. Clinical investigations on healthy 
individuals have shown that reverse flow is possible, however the magnitude of the 
flow is considerably smaller than the 30cm/s described by van Bemmelen and 
colleagues. Masuda et al (1994) demonstrate a mean retrograde flow of 4.2cm/s in the 
standing position during a V alsalva maneuvre, while Valentin and Valentin ( 1999) 
1~eport peak retrograde velocities at 1.58cm/s 70. Both these studies demonstrate 
normal venous valve functioning at retrograde velocities much less than the 30cm/s 
stated by van Bemmelen et al. 
Lurie et al (2002) describe a slightly different mechanism of valve closure. Duplex 
ultrasound (real-time B-mode, and synchronised pulsed-wave Doppler) of the 
saphenofemoral junction was performed on 12 normal volunteers. It was found that 
retrograde flow was not required to elicit valve closure. Contrary to the findings of 
van Bemmelen, valve closure was found to coincide with a decrease in the 
anterograde flow velocity 67 . Retrograde flow was detected in only one of the 12 
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individuals studied. This limb had a maximum peak velocity of 0.8cm/s, for the 
duration of 0.2 seconds. 
In summary, it would appear that little, if any, retrograde flow is required for valve 
closure in normal healthy individuals. Blood flow may not the factor that elicits valve 
closure; it could be that a venous pressure change, which may be transmitted 
retrogradely, is the initiating factor for closure of venous valves. 
1.5.1 Types of venous return to the heart - what is the role of venous valves? 
It is generally agreed that there are four main types of venous return to the heart. 
These can loosely be grouped as either central or systemic factors. The 'central 
factors' controlling venous return are concerned with the cardio-respiratory actions. 
Ventricular contraction from the left side of the heart creates arterial pressure at 
approximately 120mmHg. This pressure is lowered considerably by the function of 
the arteries and arterioles to around 22mmHg in the capillaries. The post-capillary 
venules contain blood at approximately 20mrnHg and the larger veins at 15mmHg. 
The constant decrease in blood pressure through the vascular system in effect draws 
the blood through from the arteries to the veins since it is known that particles will 
move from a high pressure to a low-pressure system. The right side of the heart assists 
with this action by creating a suction effect at the right atrium during diastole. While 
the heart is creating ventricular pressure and atrial suction, the respiratory system is 
having a similar effect. During the inspiratory phase of the respiratory cycle, the 
actions of the inspiratory muscles enlarge the thoracic cage thus creating a suction 
effect and drawing blood into the thorax. This effect is added to by the contraction of 
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the diaphragm, increasing the pressure in the abdomen, and forcing blood from the 
distal inferior vena cava (IVC) to the more proximal IV C. 
These 'central factors' are added to by three 'systemic factors' controlling the 
return of blood to the heart, the peripheral muscle pump, venous valves, and 
vasomotion. The two major factors, the skeletal muscle pump and venous valves, 
work in combination to ensure the anterograde flow of blood from the periphery. The 
skeletal muscle pump is essentially a biphasic action. Upon muscle contraction the 
pressure within the enclosed space of the muscle fascial compartment increases 
markedly, this pressure is transferred to all aspects of the muscle- including the veins. 
Due to the presence of the unidirectional venous valves in these veins, the blood may 
normally only travel in one direction - towards the heart. When the muscle becomes 
relaxed, the relatively negative pressure of the veins within the muscle belly allows 
blood to move proximally from the relatively more positive pressured distal veins. 
Once again, blood can not normally move from the more proximal veins due to the 
unidirectional action of the venous valves. While the initial effect of the skeletal 
muscle pump is on the veins directly within the muscle belly, the flow-on effects 
cause blood to move from the distal veins to the more proximal veins and from the 
superficial veins to the deep veins. 
The presence of venous valves in the very small veins at the dermal-subcutaneous 
junction 26 implies the presence of a mechanism for the forward propulsion of blood 
in these micro-vessels. This theory is partially supported by the findings of a number 
of researchers that have shown that the capillary blood flow is pulsatile in nature 71 ' 72• 
The blood pressure in the venular portion of the nail-fold capillaries has been shown 
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to fluctuate from llmmHg to 52mmHg. With pulsatile fluctuations of this magnitude, 
it is logical that venous valves may be required to maintain uni-directional 
anterograde blood flow. 
The final mechanism of blood return, which will be discussed in this section, is the 
effect of vasomotion. While vasomotion has largely been ignored in the literature, it is 
vital to understanding the microcirculation and return of blood. Vasomotion is the 




. Capillary vasomotion is somewhat different to, but strongly influenced by, the 
rhythmic intrinsic contraction of smooth muscle in the pre-capillary arterioles. 
Vasomotion generally occurs at around 6-10 cycles/min due to the spontaneous 
activity of the pre-capillary vascular bed 74. This rate of vasomotion is independent of 
neural input and is not reactive to nerve block 73-75 . However, vasomotion is affected 
by temperature, vasodilatation, and local metabolic factors in the arteriolar smooth 
muscle 73-75 . 
Vasomotion is known to be of significantly increased amplitude and frequency in 
patients with lipodermatosclerosis when compared to a control population 73 . Whether 
this is cause or effect to the disease process in unclear, although it may be explainable. 
Vasomotion is strongly correlated with temperature of the local tissues. 
Lipodermatosclerotic limbs are known to have significantly increased blood flow to 
the limb, thus increasing the temperature of the tissues. This is likely to increase the 
vasomotor activity in the region, resulting in increased amplitude and frequency of the 
vasomotion 73 . However, one must also consider that at significantly higher 
temperatures vasomotion is virtually completely abolished due to the marked increase 
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m blood vessel dilation. This means that while the increase of blood flow and 
temperature in the lipodermatosclerotic limbs, there must be other factors also 
affecting the vasomotion in these individuals. 
Proper venous return from the lower limb is reliant on an intricate pumpmg 
mechanism requiring numerous competent venous valves. Failure of either the valves, 
or the muscle pump itself, may result in a state of unrelieved venous hypertension, 
possibly leading to venous disease such as varicose veins or venous ulcers. 
1.6 Varicose veins. 
"They (varicose veins) are generally produced in the legs by the weakness of the vein, particurly 
when there is an excess of thick blood in the body, due to thick humours and black bile. Hence 
melancholy is sometimes cured by their appearance, since the black bile, which is its cause, is thus 
concentrated in an unimportant organ like the veins of the legs. In some cases, in the course of time, 
the skin above these varicose veins turns black, but if the veins contain only blood, this does not 
happen." Galen. From: "The heart and the vascular system in ancient Greek medicine. 
From Alcmaeon to Galen", Oxford University Press, Oxford, 1973. 
The history of varicose veins extends back to 1550 BC when the Ebers papyrus 
first describes varicose veins as 'serpentine windings' 41 • The appearance and location 
of varicose veins within the human lower limb have been well described in the 
literature for hundreds of years. Varicose veins appear grossly as large, tortuous, 
dilated veins. The veins that become dilated and tortuous are generally the primary or 
secondary tributaries of the GSV, not necessarily the GSV itself 76 . 
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CVI and varicose veins may be classified as either primary (simple) or secondary. 
Primary venous insufficiency is idiopathic in origin, with many possible causes being 
postulated 77 . Secondary venous insufficiency is the result of an identifiable cause of 
the valvular dysfunction - such as previous thrombosis 77 . Whether the venous valve 
dysfunction is of primary or secondary nature is a relatively inert fact, since the 
resultant haemodynamic effect is the same. Varicose veins may also be due to the 
presence of a large arteriovenous fistula (for example, surgically created fistulae for 
renal dialysis access). Arteriovenous fistula driven varicosities are of a significantly 
different mechanism than either primary or secondary varicosities. 
Varicose veins have been implicated in a wide range of lower limb symptoms 
including, heaviness, aching, swelling, cramps, itching, and tingling 78 . 
1.6.1 Aetiology. 
Many theories have existed regarding the aetiology and progression of varicose 
veins. The majority of these theories relate to valvular incompetence. Sarin and Scurr 
(1996) divided the pathogenesis of CVI and varicose veins into two sections, 
congenital and environmental factors 79 • Congenital factors include primary valve 
failure, weakness in the venous wall, arteriovenous fistulae, and altered fibrinolysis, 
while the environmental factors include deep venous thrombosis, obesity, pregnancy, 
occupation, low dietary fibre, and trauma. 
Many authors have shown that venous hypertension is associated with the 
development of CVI and varicose veins. Multiple origins of venous hypertension have 
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been proposed; these include failure of the proximal venous valves, increased intra-
abdominal pressure, and increased right atrial pressure. The possible role that these 
factors may have on the aetiology of varicose veins and CVI will be discussed in 
depth in this section. 
Primary valve failure. 
Varicose veins are associated with dilatation and malfunctioning of the venous 
valves, which allows venous reflux to occur 40' so. As this disease progresses there is a 
marked increase in the dilatation and severity of reflux. However, there is little 
evidence to suggest whether valvular incompetence occurs first and produces an 
increase in venous diameter, or visa versa so. 
As venous valves in the large veins become incompetent, as either cause or effect 
of venous dilation, it is known that significant venous reflux may occur. This reflux 
has been well documented using several methods, including Doppler ultrasonography, 
descending phlebography, and plethysmography 39. This retrograde flow results in the 
individual having a significantly decreased venous filling time following a series of 
calf raises 39' 77 Thereby resulting in a progressive sustained increased m venous 
pressure, which is referred to as ambulatory venous hypertension. 
Changes in the venous wall. 
It has been suggested that varicose veins may be a result of an inherited trait 
towards congenitally weaker vessel walls or venous valves so-s2. This theory states 
that venous dilatation occurs due to a mechanical weakening of the vein wall, prior to 
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the onset of venous insufficiency so_ It is proposed that as the vein dilates and 
increases in diameter the valve cusps become too small for the diameter of the vein 
and no longer fully close so_ It is thought that it may then be possible for the volume 
of blood refluxing past the cusps of the valve to damage the valve so_ This damage to 
the valve then allows a greater amount of blood to pass retrogradely to the next distal 
valve. This theory may be partially supported by other findings that have described an 
increase in the size and diameter of the dermal capillaries in limbs with CVI, possibly 
due to a congenitally weaker vein wall s3. 
This would appear to be an acceptable conclusion to draw since it has been shown 
that varicose veins appear to run in families 82. Possibly the strongest argument 
against this theory is that varicose veins are now equally common in the Afro-
American as in the White-American population s2, whereas varicose veins are very 
rare in the African populations where the Afro-Americans genetically originated. This 
is similar to the case in New Zealand, where varicose veins are much more prevalent 
in New Zealand Maori compared with other ethnically similar Polynesian populations 
S2 
It must be recognized however that these population studies do not rule out the 
possibility that genetic factors play a role in the development of CVI and varicose 
veins. 
Obesity. 
Although it is often anecdotally stated that the majority of varicose veins patients 
that attend clinics are obese, it remains unclear whether clinical obesity is an 
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independent risk factor for varicose veins, or simply accentuates the progression of 
this disease. Several studies have demonstrated that patients with varicose veins are 
significantly more likely to be obese than the general population 84. 
While the evidence is still unclear, it would appear that obesity is associated with 
an increased prevalence of varicose veins in some way. However, it is likely that this 
association is only one of increased susceptibility, not a primary risk factor. 
Pregnancy. 
Many independent studies have verified a positive association between pregnancy 
and varicose veins. However, very few studies have confirmed that this association 
remains once the age distribution of the population has been accounted for. In fact, a 
number of studies have shown no association· exists between pregnancy and varicose 
veins. 
It is generally believed that pressure of the pregnant uterus inhibit blood return 
from the lower limbs during pregnancy, thereby causing varicosities. However, this 
may not account for those varicose veins that often develop early in the pregnancy. It 
may be that hormonal influences associated with the pregnancy have a systemic 




Individuals that stand for extended periods are known to be at increased risk of 
developing CVI and varicose veins 82 . However, it is unlikely that prolonged standing 
is a primary cause of varicose veins 82. This theory also does not account for the 
population differences in the distribution of varicose veins since there is no evidence 
that populations with a lower prevalence of varicose veins stand for a significantly 
shorter periods 82 . 
Other environmental factors. 
It has been hypothesised that the cause of varicose veins is due to constipation of 
the colon. This is thought to be due to the decellulosed, deproteinised, devitaminised 
'Western' diets, which contain an excess of refined carbohydrates. In these cases of 
colonic constipation, the colon may hang on the iliac veins when full with faeces 85 . 
This will slightly obstruct the iliac veins, thereby restricting the venous return from 
the legs. If this continues chronically then the increased pressure may damage the 
valve cusps, thereby initiating chronic venous insufficiency and varicose veins. 
Burkitt ( 1972) also hypothesised that constipation may have a role in the 
development and progression of varicose veins. Constipation is thought to contribute 
to the pathogenesis of varicose veins through straining at defecation, which increases 
intra-abdominal and venous pressures 82. The resultant straining on defecation over 
time may lead to venous dilation in the lower limbs and thereby valvular 
incompetence. This can be demonstrated by the 'saphenous pulse' which is shown 
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upon a valsalva manoeuvre or coughing, and is representative of incompetent venous 
valves within the great saphenous vein 82. 
1.6.2 Epidemiology. 
Prevalence. 
Many studies have investigated the prevalence of varicose veins within the 
community (Table 1.5). It must be acknowledged that there is no general agreement 
on the definition of varicose veins in these studies, with some studies looking solely at 
large vein varicosities, while others include reticular and/or hyphen-web 
(telangiectasia) varicosities. The majority of these studies collected their populations 
from occupational groups, hospital in-patients, or outpatient clinics. In order to 
compare more generic populations, a number of investigations have studied the 
prevalence of varicose veins in the general population (Table 1.6) 84• 86 . These general 
population studies were conducted as either self-administrated questionnaires or 
physical examination by the investigators. In general, all of these studies of the 
prevalence of varicose veins yield similar results. However, the range of varicose vein 
prevalence described in these studies is large (0.1% in females in rural New Guinea, 
to 60.5% in females in Czechoslovakia). This massive range in the prevalence is 
generally attributed to age, sex and ethnic differences. 
More recently, a large general population-based investigation of the prevalence of 
varicose veins has been undertaken in Edinburgh, Scotland. In the Edinburgh vein 
study 1566 participants, aged 18 to 64 years, from the general population were 
examined by both written questionnaire and clinical examination 87 • It was found that 
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the overall prevalence of varicose veins in the GSV, SSV, or their primary tributaries 
was 39.7% in males and 32.2% in females. When hyphen-web and reticular varices 
were included, the overall prevalence jumped to over 80%, although the majority of 
these were relatively minor. 
Table 1.5 Prevalence of varicose veins from the literature. 
Year Population Population size Male(%) Female(%) 
1966 Bohemia 15060 6.6 14.1 
1969 Egypt 467 5.8 
1969 England 504 32.1 
1972 India (south) 323 25.1 
1972 India (north) 354 6.8 
1978 Switzerland 4529 56.0 55.0 
1973 Switzerland 610 29.0 
1975 Pukapuka 377 2.1 4.0 
1975 Rarotonga 417 15.6 14.9 
1975 NZMaori 721 33.4 43.7 
1975 NZPakeha 356 19.6 37.8 
1975 Tokelau Island 786 2.9 0.8 
1975 New Guinea 1457 5.1 0.1 
1977 Tanzania 1000 6.1 5.0 
1981 France 7425 26.2 
1991 Czechoslovakia 696 - 60.5 
1986 Brazil 1755 37.9 50.9 
1988 Sicily 1122 19.3 46.2 
1989 Germany 2821 14.5 29.0 
1990 Japan 541 45.0 
1994 Turkey 850 34.5 38.3 
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Table 1.6 Prevalence of varicose veins in the general population. 
Reference Location Age ·Method Male Female 
(years) (%) (%) 
Tecumseh, >10 Examination - prominent superficial 12.9 25.9 
USA veins 
89 Jerusalem, >15 Examination -distended tortuous veins, 10.4 29.5 
Israel excluding venectasias 
90 London, 35-70 Questionnaire - "Have you ever had 17.0 31.0 
England large or varicose veins in your legs?" 
86 Finland >30 Questionnaire - "Has your physician 6.8 24.6 
ever made the diagnosis of varicose 
veins?" 
87 Edinburgh, 18-64 Examination- dilated tortuous trunks of 39.7 32.2 
Scotland the GSV, SSV or their primary or 
secondary branches. 
Age. 
The most important factor influencing the prevalence of varicose veins is the age 
of the sample population. The statement that the prevalence of varicose veins 
increases with increasing age is made by virtually every epidemiological study and 
vascular textbook. The positive association between increasing age and higher 




• In both males and females there is shown to be a steady increase in the 
prevalence of venous disease at all stages 93 , with no significant increase in the 
incidence of varicose veins 92. 
Since the mid-1970's a longitudinal, prospective study has been undertaken by 
Schultz-Ehrenberg and colleagues in Bochum, Germany 91 . This study has involved 
the examination of a cohort of 518 school children by Doppler ultrasound and 
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photoplethysmography. GSV or SSV incompetence was found to be present in 3.1% 
of the 10-12 year old age group 94. Four years following the same cohort were re-
examined. In the 14-16 year old group, incompetence in the GSV or SSV was 
identified at a prevalence of 12.3%. Visible trunk varices were present in 1.8% of this 
14-16 year old population, and 3.7% had any form of visible varices. 
These findings are supported by the Edinburgh Vein Study, which demonstrated 
that the prevalence of trunk varices increased from 11.5% in the 18-24 year age 
bracket, to 55.7% in the 55-64 year age bracket 87• 
Sex. 
It is often stated that varicose veins are found at a higher prevalence in females 
than males 41 ' 86. However, it has been shown that this sex difference decreases with 
increasing age 95 . It has been hypothesised that the perceived sex difference may be 
due to bias in the composition of the populations investigated because of an average 
age difference between the sexes 84. 
Several studies have found little or no difference in the prevalence of varicose 
veins between the sexes 91 ' 95' 96• The Edinburgh Vein Study 87 presents an age-
adjusted prevalence of trunk varices of 40% in males, and 32% in females (p=O.O 1 ). 
However, this significant difference was lost when the overall prevalence of reticular 
and hyphen-web varices was compared between the sexes. 
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Ethnicity. 
The commonly stated high prevalence of varicose veins and haemorrhoids in 
developed countries 87 is in direct contrast with the relative rarity of varicose veins 
and haemorrhoids in African, Asian and Pacific populations 82 . It is often claimed that 
the prevalence of vifricose veins is significantly reduced in developing countries that 
in the developed nations. However, there are few investigations that have made 
comparisons between populations 89' 95' 97 . Therefore, it is difficult to draw sound 
conclusions from these studies, due to variations in methodology, criteria, and study 
designs. However, from population studies some trends may be gleaned multiple 
studies. There does appear to be a generally reduced prevalence of varicose veins in 
those studies from developing countries, when compared to the prevalence from more 
developed countries (Table 1.5). 
In a search for an anatomical explanation for these ethnic differences, Banjo (1987) 
investigated the distribution of venous valves in 182 limbs from African populations. 
These findings were compared to a number of Caucasian studies from the literature. 
To facilitate this study seven venous segments were defined: 
Segment 1 - from the entry point of the inferior vena cava into the right atrium, to 
the bifurcation at the common iliac veins 
Segment 2 - the entire length of the common iliac vein 
Segment 3 -the entire length of the external iliac vein 
Segment 4 - the femoral vein from the inguinal ligament to the saphenofemoral 
opening 
Segment 5 - the length of femoral vein between the saphenofemoral junction and 
profundofemoral junction 
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Segment 6 - a 3 em length of the femoral vein distally from the profundofemoral 
junction 
Segment 7 - a 3 em segment of the great saphenous vein distally from the 
saphenofemoral junction. 
In total 92 cadavers (184 limbs; 19 females, 73 males) were dissected in Anatomy 
departments from Nigeria and Uganda. Veins of interest were exposed and opened 
longitudinally. Clotted blood was removed and the valve cusps identified. From this 
study, the following results were obtained (Table 1.7). 
Table 1.7 Percentage incidence of venous valves in the various vein segments in black 
African and Caucasian populations. 
African populations (n=l82) Caucasians (n=54-370) 
Segment I 0% No data 
Segment 2 1% . 1-7% 
Segment 3 9% 22-33% 
Segment 4 93% 67- 81% 
Segment 5 7% No data 
Segment 6 100.0% 90% 
Segment 7 98% 100% 
It has been suggested that absence of venous valves within the femoral vem 
proximal to the GSV, and in the proximal end of the GSV itself (venous segments 4 
and 7 respectively), may be instrumental in the pathogenesis of varicose veins 49 . 
Banjo (1987) show that African populations have a higher prevalence of venous 
valves in the femoral vein, immediately proximal to the GSV, than the Caucasian 
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populations. It is claimed that this finding suggests that the proximal GSV of black 
Africans may be more likely to be protected by a valve in the femoral vein. This may 
pmtially explain why varicose veins are more prevalent in Caucasians. 
It has been suggested that the prevalence of varicose veins is increased following 
the increased impact of Western culture 82• Factors from Western culture thought to 
influence the development of varicose veins include; diet, prolonged periods of sitting 
and standing, and relatively common respiratory illness. 
1. 7 Venous ulcers. 
"It is to be expected ... that skin which is bathed under pressure in stagnant blood will readily 
fi l " 8 orm permanent, open sores or u cers 
The association between varicose veins and ulceration of the lower limbs was 
identified as early as 1620 when Fallopio wrote, "varices carry feculent humours 
which cause ulceration" (Fallopio, G. La Chirurgica. Venice, 1620) 41 . 
It is widely acknowledged that venous ulcers occur almost exclusively in the gaiter 
region of the lower limb, just proximal to the medial malleolus 36• 41 • Venous ulcers 
uncommonly occur in the more proximal regions of the leg, and virtually never occur 
on the foot. The reasons for this regional bias are unclear. 
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Venous ulcers appear on the lower limb as regions of necrotic tissue, often 
surrounded by lipodermatosclerotic tissue. These ulcerated areas of tissue generally 
heal poorly, and recurrence of the ulcer is very common 36• 41 . 
1.7.1 Aetiology. 
Venous stasis. 
Early in the 1900's it was suggested by Romans that stagnant blood lying within 
varicosed, tortuous and dilated veins close to the skin may be responsible for the 
anoxia and cell death which was thought to be the cause of venous ulceration 8• This 
theory was supported by de Takats and colleagues ( 1929) who found that the oxygen 
content of limbs with varicose veins was lower than in the antecubital vein of the 
same individual 98 . However, this was questioned in 1929 when Blalock showed 
higher oxygen content in the femoral venous blood of the diseased (CVI) limb when 
compared to the normal leg 99. This finding was further supported by Holling et al. 
(1938), which demonstrated that blood drawn from varicose veins draining venous 
ulcers did not have decreased oxygen content 100, and that blood in limbs with CVI 
had a decreased circulation time 101 • Clearly, these findings were strong arguments 
against the theory of venous stasis in venous ulceration. 
Arteriovenous (A-V) shunting. 
Following the work describing the increased oxygenation and decreased 
circulation time in venous ulcerated limbs 99-101 , it was hypothesised that these 
alterations may be due to the presence of arteriovenous fistulae. This supported the 
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earlier theory of Pratt (1947) and Brewer (1950) that these symptoms were due to 
newly created arteriovenous communications. However, in 1972 Lindemayr and 
colleagues used micro-spheres tagged with radioactive J 131 to demonstrate that there is 
no significant difference in the volume of blood passed though A-V shunts in the 
limbs of patients with primary varicose veins when compared to normal controls 102. 
Although is may appear unlikely, there are no definitive studies which either confirm 
or deny the presence of increased A-V shunts in those limbs with venous ulceration. 
Venous hypertension and the fibrin cuff 
In patients with CVI the venous valves in the large veins of the lower limb fail and 
become incompetent, this is thought to result in increased venous pressure 103. As the 
disease progresses and the reflux becomes more severe, the venous pressures may 
remain elevated, even during exercise 104. Sustained increased venous pressure may 
lead to capillary hypertension 104' 105 . This, in turn, causes dilatation of the local 
capillary bed, including enlargement and stretching of the interendothelial pores 105• 
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It has been demonstrated that an increase in the interendothelial pore s1ze 
significantly increases the permeability of the capillary bed 106. Animal studies have 
shown that this dilatation of the capillary bed allows some large molecules to become 
extravasated into the perivascular space 106. One of these macromolecules, fibrinogen, 
has been shown to be converted into fibrin in the perivascular space, and creates a 
layer of pericapillary fibrin 106. Patients with venous disease have been shown to have 
a sheath of perivascular fibrin- the 'fibrin cuff' 105• 107• 108. It has also been shown that 
skin biopsies from patients with mild varicose veins do not have the fibrin cuff 105. 
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Making this situation worse is the possibility that fibrinolysis may be decreased in 
limbs with venous ulceration 105' 107' 108. 
It is hypothesized that the presence of pericapillary fibrin in the superficial tissue 
impedes the oxygen diffusion and nutrient/waste transfer 105' 108, therefore leading to 
cytotoxicity and necrosis of the local epidermis and dermis. 
It has also been suggested that perivascular fibrin may prevent stimulatory and 
homeostatic signals from reaching the tissue, thereby reducing tissue repair, and 
compromising tissue integrity 109• 
Leukocyte accumulation. 
Recently several groups have described that leukocytes may be involved in the 
pathogenesis of venous ulcers 110' 111 . It is thought that the trapped leukocytes may not 
simply occlude the capillaries, but they may also cause damage to the capillaries 110' 
111
. Accumulations of leukocytes have been shown to be present in the dependent 
limbs of patients with chronic venous insufficiency. 
In any organs system it is known that an increase in circulating leukocytes may 
cause microangiopathy 107' 112. If the leukocytes are activated, due to mechanical stress 
of humoral factors, this process is even greater due to the increase in leukocyte 
stiffness and the expression of adhesion molecules on the cell surface 107• 112• 
It has been shown that venous hypertension in the upper or lower limb results in a 
decrease in the leukocytes present in the blood of the hand and foot respectively. 
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Coleridge and Smith (1988) referred to this phenomenon as 'white cell trapping'. This 
increase in leukocyte sequestration has also been described in the limbs of patients 
with venous ulceration. 
Increases in the numbers of several leukocytes (neutrophils, T -lymphocytes and 
monocytes) have been demonstrated in the lower limbs of patients with venous 
ulceration 1 13 Along with this, is has been demonstrated that the circulating 
leukocytes are activated, and have an increased expression of a number of adhesion 
molecules 113. Furthermore, it has also been shown that the endothelial cells in the 
gaiter region of patients with venous ulcers have an increase in the expression of 
ICAM-1, VCAM-1, ELAM-1, von Willebrand factor, and factor VIII-related antigen 
112
. This evidence suggests that in CVI it is likely that activated leukocytes are able to 
adhere to the capillaries and venules in the lower limbs, especially in the gaiter region. 
Following leukocyte adhesion in the microcirculation of CVI limbs the leukocytes 
are known to degranulate and release potentially damaging products such as 
superoxide radicals, elastase, collagenase and tumour necrosis factor (TNF), which 
damage the surrounding tissues and are likely result in tissue necrosis in the affected 
. 77 reg1on . 
Summary. 
The one central factor to these theories of the aetiology of venous ulcers is the 
initiating event - disruption of the normal haemodynamics of the cutaneous 
microcirculation. In the large veins of the leg, it is understood that incompetence of 
venous valves is responsible for the alteration in normal flow. Whether venous valves 
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exist in the microcirculation and the role that they may have in the aetiology of 
venous ulceration is, as yet, unclear. 
1.7.2 Epidemiology. 
Prevalence. 
Until relatively recently, any ulceration to the lower limbs was referred to as 'leg 
ulceration'. It has only been in the past few decades that these 'leg ulcers' have been 
divided into venous ulcers, arterial ulcers, neuropathic ulcers, and tropical ulcers. The 
true rate of leg ulceration in Europe is documented to range from 0.12% with an 
active ulcer, to approximately 1.0% when those patients with a history of leg 
ulceration are included 103 . Venous ulcers are claimed to account for approximately 
80-90% of all leg ulcers 41 • 
Over the past 30 years, several studies have investigated the prevalence of chronic 
venous ulceration. All of these studies have significant limitations due to the 
methodology. However, if these studies are viewed together, important information 
regarding the prevalence of venous ulcers may be gleaned. 
Of those studies that have looked at the point prevalence of active venous ulcers 
114
-
118 there is a fairly close agreement. The Perth, Lothian and Forth valley, 
Northwick park, and Skaraboug County studies all show a point prevalence of active 
venous ulceration of 0.1-0.2% 114-116' 118• The Dublin study however, provides a point 
prevalence of active ulceration of 1.5% 117• It is possible that this is a significant 
overestimation of the true rate however, since the Dublin study used non-medical 
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interviewers to conduct the interview and diagnosis, but did not re-evaluate this 
diagnosis using clinicians. 
It must be acknowledged that these point prevalence studies will significantly 
underestimate the actual number of individuals whom suffer from venous ulceration 
because of the very high rate of recurrence of venous ulcers. It is likely to be of 
greater benefit to actually discuss the prevalence of individuals that either have an 
active or healed venous ulcer, as this will better represent the population affected with 
venous ulcers. The Basel and Klatov studies both state 1.0% of the adult population 
have a history of venous ulceration, while the Munich study found the prevalence in 
the adult population of 4.0% 93 . 
Age. 
As is the case with varicose veins, the prevalence of venous ulceration increases 
markedly with increasing age. The Skaraborg study and the Lothian and forth Valley 
study both describe a prevalence, of active or healed venous ulcers, of 1.5-2.5% in the 
over 85 year old age group 115' 118. This is further supported by the North wick Park 
study which states 2.1% of the over 80 year olds have a history of venous ulcer 116. 
Sex. 
Many population-based studies do not mention the effect that sex has on the 
prevalence of venous ulcers. Those that have looked at sex as a risk factor for 
ulceration have shown a large variation in the sex distribution in the prevalence of 
venous ulceration, ranging from a male dominance of 2.2: 1 119, to a female dominance 
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of 2.46:1 115• Overall, it would appear that venous ulcers are at least twice as common 
in females than in males 84' 93. This sex difference holds true for all age groups. 
1.8 Aims of this thesis. 
The initial aim of this thesis is to identify whether venous valves are present in the 
smallest of the superficial veins of the human lower limb. If present, the size 
distribution of veins containing venous valves, morphology, and regional distribution 
of the micro venous valves in the normal lower limb will be thoroughly described. 
Quantitative and qualitative observations of the morphology and regional 
distribution of the microvenous valves will be compared between the normal and 
venous diseased limbs. Thereby highlighting whether it is possible for venous disease 
of the large veins to cause the haemodynamic disturbances thought to be required to 
initial venous ulceration. This will add considerably to the current body of knowledge 
concerning venous valves in the very small superficial veins and their role in venous 
disease. 
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Chapter 2. Microdissection of venous 
valves in the small superficial veins of 
the leg. 
2.1 Background. 
Dissection has been used for examination and investigation for many hundreds of 
years in the field of biology. As described above, dissection of the large veins of the 
liver, lower limb, and azygos network were first used in the era of William Harvey to 
initially identify venous valves 1, 4• 5. 
With recent advances in microscopy, the technique of microscope-assisted 
dissection (microdissection) has become very useful, particularly for the study of 
structures at the 'macro-micro level', that is, structures smaller than gross anatomy 
but larger than histology. Therefore, the aim of this chapter was to use 
microdissection of the superficial tissue of cadaveric lower limbs to attempt to 
identify whether venous valves are present in veins smaller than the 2mm in diameter 
that is stated in the literature. Additionally, if these valves are present, then this study 
will attempt to quantify and qualify the distribution of these valves within the tissue. 
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2.2 Materials and Methods. 
Classical gross anatomical dissection was performed on two limbs from two male 
cadavers (66 and 73 years). The dissection was performed using fine dissection 
instruments (Fine Science Tools Inc., North Vancouver, British Columbia, Canada) 
with the aid of a dissection microscope to reveal the superficial veins. 
The two limbs were dissected using different approaches. The first limb was 
dissected from the skin surface towards the deep fascia, while the 'skin-flap' from the 
second limb (including skin, subcutaneous tissue, and deep fascia) was dissected in 
the opposite direction, from the deep fascia towards the skin. In both limbs, the GSV 
was identified and its fascial covering was incised to expose the vein. The GSV was 
dissected along the lower leg, with care taken not to damage the GSV, its tributaries, 
or overlying veins. As primary tributaries were identified, they were traced and 
dissected. This was continued down to fourth generation tributaries. Diluted Gill's 
haematoxylin #1 (one part Gill's haematoxylin #1 with five parts distilled H20) was 
injected into the veins intermittently to aid the dissection. Veins were opened 
longitudinally and the valve cusps identified. Where venous valves were identified, 
the diameter of the vein was measured with callipers (Series #505 Dial Callipers, 
Mitutoyo Corporation, Kawasaki, Kanagawa, 213-0012 Japan) and the association 
with venous tributaries noted. 
As the dissection was performed, a schematic diagram was compiled which 
summarised the distribution of the veins, tributaries, and valves. 
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2.3 Results. 
Microdissection, with the assistance of multiple haematoxylin perfusions, and the 
use. of a dissection microscope, made it possible to identify venous valves in veins 
less than 2mm in diameter from the superficial tissue of the leg (Figure 2.1). Using 
this technique the presence of venous valves in veins as small as 700[-tm in diameter 
was confirmed by direct visualisation of the valve cusps. These veins that contained 
valves were considered as fourth generation tributaries to the GSV. 
Microvenous valves were identifiable in vessels smaller than 500[-tm by the 
distended cusps displayed by further retrograde injection of haematoxylin and no flow 
beyond (Figure 2.2). The size of the vessel containing these 'terminal' valves using 
this technique was 400-600[-tm. However, these vessels could not be opened 
longitudinally any further due to their small size, This was the limitation of the 
microdissection technique as cannulation beyond this was not readily achievable. 
The distribution of the valves in these vessels is described in (Figure 2.1). The 
majority of the valves (20/29 valves) were present in the orifice of tributaries as they 
entered axial draining veins. Much less commonly, valves were located within the 
axial draining veins (9/29 valves). There was no consistent location of these with 
respect to the tributaries. The patterns do however show a regular presence of valves 
down to at least the 4-5th generation of veins from the GSV. 
These vessels and their valves displayed by microdissection were all contained in 
the subcutaneous tissue but the final generations were ascending within the adipose 
tissue towards the dermis. 
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While the technique used has clearly shown that there are valves in veins <2mm, 
and, beyond the second generation branches of the GSV in the lower leg down to 
400!J.m, the dissection was not able to constantly and accurately identify valves in 
veins less than 500!J.m in diameter. Having shown valves down to this level it became 
important to observe whether even smaller veins or venules contained microvalves. 






Figure 2.1 Overview photograph (A) and schematic diagrams (B and C) of the 
dissections that were performed on the lower legs of two cadavers. 
Photograph (A) and schematic (B) of the dissection performed on a skin-flap from the left leg of a 
66-year-old male cadaver. This dissection was performed from the deep surface towards the skin. 
Haematoxylin stained veins are visible, with the locations of the identified venous valves (*). 
Schematic (C) is of the dissection carried out from the skin surface towards the deep fascia from the 







Figure 2.2 An example of a point in a venous tributary where the haematoxylin has 
been stopped. 
Note that the shape of the vein where the dye has stopped is very similar to that where venous 
valves could be confirmed. 
2.4 Discussion. 
The dissections carried out in this chapter have demonstrated that venous valves 
are present in veins less than 2mm in diameter. In fact, valves were identified in veins 
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as small as approximately 400[-lm in diameter. At the commencement of this thesis, no 
literature was found to describe venous valves in the small veins of the leg. 
As is known to be the case with valves in the larger veins of the leg 26• 35• 49• 50, the 
venous valves identified in the small veins by microdissection were often located near 
tributaries, generally within the lumen of the smaller vein. This observation suggests 
that the pattern of valve distribution in the small veins may be similar to that of the 
larger veins (such as the GSV). 
While microdissection has identified venous valves in veins smaller than 2mm in 
the superficial veins of the leg, this method has several limita,tions. The major 
difficulties with this method involved the physical restrictions limiting the size of vein 
that may be opened longitudinally for examination, and the resolution of the 
dissecting microscope to identify the very thin valve cusps in these small veins. These 
limitations greatly restricted the quantitative observations that could be made 
regarding the density and morphology of these microvalves, and in addition, the 
regional and size distribution of the microvenous valves. 
Despite demonstrating venous valves to be present in superficial veins less of than 
2mm in diameter, the limitations of the microdissection technique required the use of 
another method for the quantitative investigation of the microvenous valves in the leg. 
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Chapter 3. Histology of normal skin 
vasculature and microvenous valves. 
3.1 Background. 
There is evidence from the literature that it is possible to identify venous valves in 
very small veins using histology 26 . However, this study by Braverman and Keh-Yen 
relied on the identification of veins that were likely to contain valves by the size of the 
veins at the dermal-subcutaneous junction. These veins were then excised from the 
tissue and processed for histology. While this approach was acceptable for the study 
conducted by Braverman and Keh-Yen (examination of the ultrastructure of the valve 
containing veins), it is not useful when attempting to identify the distribution of these 
valves within the tissue since it relies on identification of the valve containing veins 
grossly prior to histology. Therefore, this method needed to be adapted for this thesis, 
so that the larger areas of the superficial tissue were examined by histology and the 
presence of microvenous valves described. 
Therefore, the aim of this chapter is to identify venous valves and describe the 
histological appearance of venous valves within the microvenous system of the skin 
of the lower limb. 
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3.2 Materials and Methods. 
Another approach to identifying valves in much smaller veins was to examine 4[lm 
serial sections of superficial tissue. To assess this, tissue samples were excised from 
the centre of the gaiter and upper calf regions of one limb from one male cadaver ( 66 
years). These samples were 20x5mm in surface area, and the thickness of the 
subcutaneous tissue down to, but not including, the deep fascia. The formalin-fixed 
tissue samples were embedded in paraffin wax and 4[lm serial sections were cut. 
Tissue sections were mounted on glass slides and stained with haematoxylin and 
eosin (H&E), Verhoff's van Gieson with Curtis counter-stain (VVG), or left unstained. 
This staining regiment was maintained through all sections, so that every third section 
was stained with either H&E, VVG, or was unstained. The unstained sections allowed 
the possibility of staining the section with an alternate method should a valve be 
identified. 
From the 3.6cm3 of superficial tissue that was excised the final volume of tissue 
able to be examined was only 0.48cm3. This difference was due to tissue loss during 
processing, with resizing prior to embedding in paraffin wax for histology, and lost 
4[lm sections during 'trimming-in' of the tissue within the paraffin block prior to 
commencing the serial sectioning. Along with this, tissue was also lost during the 
serial sectioning due to artefact, which generally appeared as torn, or folded, sections. 
The sections were systematically viewed by light microscopy (Olympus Provis 
AX70). In practice, every third section (all of those sections stained with H&E) was 
viewed in entirety. Beginning in the upper left corner of the tissue section, and 
stepping the field-of-view to the right, once the right margin of the tissue was reached 
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the tissue was moved down one field-of-view by the motorised stage, and then back to 
the left, until all of the tissue had been examined. The VVG and unstained sections 
were not quantitatively viewed; they were only used as alternately stained sections 
when possible venous valves were identified from the H&E sections. The unstained 
sections could be viewed without any further staining, if desired, by using phase 
contrast microscopy. This was done in order to follow a valve through serial sections. 
In total, 286 4~-tm thick paraffin embedded H&E sections were viewed, this equated to 
0.16cm3 of tissue viewed from a total volume of 0.48cm3. 
Valves were identified by the invagination of the valve cusps into the lumen of the 
vein, as identified previously by histology of large veins, and from the appearance of 
microvenous valves from other areas, as described by others 3• 22• 26• 56. 
3.3 Results. 
Using the 4~-tm serial histology, venous valves have been confirmed to be present 
within the smallest of the superficial microvenous channels in the skin of the human 
lower leg. However, only three valves were identified by this method (this equates to 
6.25valves/cm\ All three of the venous valves identified were present within the 
very small veins of the dermis of the upper calf region. The valves were present in 
veins 17, 22, and 25~-tm in diameter (Figure 3.1, Figure 3.2 and Figure 3.3). For each 
of these valves only one cusp could be identified. This was confirmed by examining 
adjacent serial sections to identify all sections of the vein that contained the valve 
(Figure 3.4). 
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Light microscopy (LM) showed that the cusps were covered with endothelial cells. 
At the base of the valve cusp, collagen fibres and the nuclei of probable smooth 
muscle cells were identified (Figure 3.1, Figure 3.2 and Figure 3.3). The smooth 
muscle cells were not specifically stained, so their presence could not be confirmed. 
The resolution of the 4!-tm thick paraffin embedded LM sections prevented a more 
detailed examination of the valve cusps. In order to more fully examine the structure 
of the valve cusps the 4!-tm thick paraffin section were viewed by confocal laser 
scanning microscopy (CLSM) with an excitation wavelength of 543nm at <0.6!-tm 
optical thickness. CLSM of the valve cusps showed two bands of intracellular 
fluorescence coming into very close apposition at the base of the valve cusp (Figure 
3.5). Within the remainder of the cusp, this intracellular fluorescence on each side of 
the cusp was seen to be isolated from the opposite side of the cusp by a very thin zone 
of dim fluorescence (Figure 3.5). This is likely to be the basement membrane of the 
endothelial cells. This is supported by the observation that the majority of the cusp 
was twice the thickness of the single endothelial layer (Figure 3.5). 
CLSM also suggested that a single endothelial cell might fold back on itself to 
cover both the luminal and sinus sides of the cusp. As seen in Figure 3.5, the nucleus 
of the endothelial cell was clearly identified and measured 1 O!!m at its longest point. 
It is known that fusiform shaped endothelial cells have nuclei approximately 1 0-12!-tm 
in length, and 6-7!-lm in width. Therefore, it is highly likely that this endothelial cell is 
fusiform in shape and extends from the luminal side to the sinus side of the cusp. 
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Figure 3.1 Histological4f!m sections of venous valve #1. 
This valve is located within a vein of the papillary plexus of the skin from the upper calf region of 
ihe leg of a 66-year-old male cadaver. (A)- A low magnification micrograph (1.25x) of the H&E 
section, with the dermis and hypodermis clearly visible. The area in which the valve was located is 
highlighted (circle). Higher magnification (lOx) of the area circled in 'A' from H&E is shown in (B) 
and VVG sections in (D). These clearly show the valve within the vein longitudinally sectioned. 
Corresponding high magnification (60x oil) micrographs (C and E) show that the cusps are covered 
with endothelial cell nuclei (arrowhead). An example of the scale of this valve is seen by 
0 comparing the size of the valve with the red blood cells also present in this micrograph (circled). A 






Figure 3.2 Histological4~-tm sections of venous valve #2 . 
. . s was the case with the valve shown in Figure 3.1, this valve is located within a vein of the 
papillary plexus of the upper calf region of the leg. The location of this valve within the dermis is 
indicated from the 1.25x magnification H&E section (A). The area in which the valve was located 
:\s highlighted (circle) . Higher magnification (20x) of this area is shown with H&E in (B) and VVG 
in (D) which clearly shows the valve within the vein. Very high magnification (60x oil) 
micrographs (C and E) show that the cusps are covered with endothelial cell nuclei (arrowhead). A 
possible smooth muscle cell nucleus can be seen at the base of the valve cusp (arrow) . While this 
valve may appear similar to the valve shown in Figure 3.1 it is a completely separate structure. This 






Figure 3.3 Histological4~-tm sections of venous valve #3. 
The location of this valve is within the middle part of the dermis as indicated by the circled area in 
the 1.25x magnification H&E section (A). Higher magnification (20x) of the area circled in 'A' 
from H&E (B) and VVG sections (D) shows the vein containing the valve, very near a sebaceous 
gland (SG). Very high magnification (60x oil) micrographs (C and E) show that the cusps are 
covered with endothelial cell nuclei (arrowhead). 
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Figure 3.4 Serial4f!m sections through the microvenous valve shown in Figure 3.2. 
All micrographs are at 20x magnification. A Slide 134- VVG. B. Slide 136- H&E. C. Slide 137-
VVG. D. Slide 138 - Unstained phase contrast. E. Slide 139 - H&E. Note that the valve profile is 





Figure 3.5 CLSM micrograph of a microvenous valve (shown in Figure 3.2 C) from 
the dermis of the upper calf. 
A. H&E light microscope image of the microvenous valve (60x magnification). B. The <0.6!!m 
thick optical CLSM section (543nm excitation) of the H&E section shown in A. The 
autofluorescence of the eosin is identified by the red pseudo-colour. The nucleus of the endothelial 
cell is clearly seen in this section (N). C. Measurments of the thickness of the endothelium based on 
the autofluorescence of the eosin, demonstrating that the valve cusp (3 . 0-4 . 1~-Lm) is approximately 
twice the thickness of a single cell thickness (l.61-1m). 
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3.4 Discussion. 
The use of 4[lm think paraffin histology sections of human superficial tissue from 
the lower leg has shown that it is possible to identify venous valves in the 
microvenous channels of the dermis. The histological and transmission electron 
microscope (TEM) appearance of microvenous valves within the small superficial 
veins of the abdomen, buttock, and thorax has been previously reported 3• 26• 56. While 
only three valves have been identified from serial histology of 0.48cm3 of superficial 
tissue of the lower leg, some useful conclusions may be drawn. Many similarities, and 
some important differences, exist between the histology from this thesis and previous 
work from the literature. 
One of the most obvious differences between these studies is the size and location 
of the valve containing veins. In the abdomen and buttock, all of the valves were 
reported to be present in veins 70-120[lm in diameter ( 40-80[lm in luminal diameter), 
which were located at the dermal-hypodermal junction, presumably within the 
reticular plexus 26 . This present study has shown valves in much smaller veins. In skin 
from the lower legs the valves, which were seen, were present in veins 17-25[lm in 
diameter, and located within the more superficial areas of the dermis, presumably 
within the papillary plexus. While these differences in size and location are not large 
differences on their own (approximately 20[lm in diameter and lmm in depth within 
the tissue), they do represent a major difference in their importance and possible 
function within the tissue. However, these differences place these valves in very 
different functional areas of the superficial venous syst~m. Braverman and Keh-Yen 
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show valves to be present in the veins of the reticular plexus, while this thesis shows 
valves in the veins of the papillary plexus. The literature describes the functions of 
both of these plexuses as thermoregulatory and nutrient supply to the dermis 23• 35• 120• 
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. The papillary plexus has the additional function of supplying nutritional support to 
the epidermis. Therefore, the presence of venous valves within the venules of the 
papillary plexus indicates that the capillary loops arising from the papillary plexus are 
protected in some manner from retrograde flow. This finding adds a new level of 
protection to the dermal capillary loops to that previously described in the literature 26• 
While these valves indicate a degree of protection for the dermal capillary loops, the 
extent of the protection is unclear from this histology. This is because the limitations 
of histology make the identification of the distribution of valves within the sampled 
tissue very difficult and unreliable. Of course it must be acknowledged that this is 
based on the premise that these individual plexuses exist within the skin - as 
described in Section 1.3.6 this premise is open for debate. 
The histological appearance of these microvenous valves is generally similar to 
that of valves in larger veins. Venous valves of both deep and superficial large veins 
are formed by a core of collagen, elastin, smooth muscle cells, and fibroblasts, 
covered by an endothelial cell layer 25 . 
It was not the aim of this histological investigation to describe the ultrastructure of 
microvenous valves. However, from the histology that was performed the appearance 
of the valves from the dermis of the lower leg did not appear to differ from those 
shown previously in the literature 3• 26• 56. As described previously (Section 1.4.1) 
TEM has been used to demonstrate that the cusps of microvalves are characterised by 
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an endothelial cell layer surrounding a basement membrane with embedded collagen 
fibrils. Elastin fibres were uncommonly identified in the cusps of microvalves 3• 26• 56. 
These findings from the valves from the skin of the thorax, abdomen, and buttock are 
very similar to those from the skin of the lower leg. The major difference between 
these observations and those from the lower leg is that collagen fibrils were not 
identified in the cusps of the valves from the skin of the leg. This is most likely 
because the other studies used TEM to examine the valve cusps at very high 
magnification and resolution, while this current study of the lower leg used 4!-lm 
paraffin histology sections to examine the valve cusps. It would be expected that if the 
microvalves from the papillary plexus of the lower leg were examined by TEM, 
collagen fibrils would also be present within the valve cusps. If collagen is present 
within these microvalves from the leg, then it is likely to be seen by CLSM as the dim 
band within the cusp. This makes sense since the laser used (543nm excitation) to 
view the tissue by CLSM is outside the known range of autofluorescence for collagen 
(approximately 300-340nm excitation) 122-124. 
Each of the above studies describes slightly different ultrastructure of the valve 
cusps. Since these studies view valves from different locations, (thorax, reticular 
plexus of abdomen and buttock, and papillary plexus of the lower leg) it may be that 
these structural differences are related to the differing function of the valves in these 
locations. Before this possibility may be discussed, the normal function of 
microvenous valves must be considered. It is widely accepted that venous valves in 
the large veins of the body, especially in the lower limb, primarily function to prevent 
retrograde blood flow and pressure, and therefore ensuring the anterograde flow of 
blood from the extremities towards the heart. 
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The endothelial cells covering the microvalves from the skin of the lower leg 
appeared to fold back on themselves at the tip of the cusps, thereby covering both the 
luminal and sinus sides of the valve cusp. This observation was not discussed in 
relation to venous valves in the literature. While it is remarkable that a single 
endothelial cell may fold back on itself to cover both sides of the valve cusp, there is a 
precedent. It is known that endothelial cells cover and cross the apex of arterial flow 
dividers and the free boarder of venous valves from large veins 125 • This arrangement 
of the endothelial cells at flow dividers and the free boarder of valve cusps appears to 
be logical since it is likely to be most favourable for the endothelial cells to have the 
cytoplasm of the cells subjected to the increased stresses involved with this location 
within the vessel. It would seem to be unlikely that the cell boarders or nuclei would 
be better suited to this high stress setting. 
Another interesting observation from this study is that for each of the microvalves 
identified, only one cusp was visible. While it is not unheard of for microvenous 
1 h h .d f 3 s6 126 · h · · d. I va ves to ave t e monocusp1 orm ' ' , 1t appears t at 1t IS excee mg y 
uncommon. There are two explanations for this observation: 
1. There may be artefact caused during processing so that the deeper of 
the valve cusps is pressed against the veins wall and is unseen. 
However, this is unlikely since there is no evidence of any part of the 
being present from this histology. In addition, the chance of this 
artefact occurring in each of the three valves is highly unlikely. 
2. The other possibility is that these are actual monocuspid valves. This is 
possible since monocuspid valves have been shown to be present, even 
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though they are very uncommon. However, it must be remembered that 
arrangement of the microvenous valves of the papillary plexus of the 
lower leg has never been described previously. It is possible that this 
population of veins has a significantly different proportion of 
monocuspid valves, compared to veins deeper tissue layers and other 
regions of the body. Whether the papillary plexus has an increase in 
the number of monocuspid valves further detailed investigation. 
While serial histology has enabled the identification of venous valves within the 
very small veins of the skin of the lower leg, several significant limitations prevent its 
use to quantify the distribution of microvenous valves in the superficial tissue of the 
lower leg. 
1. Problems with processing. 
All of the valves seen by histology were present within the very small veins of the 
dermis, and yet no valves were identified in the veins of the hypodermis. This was 
primarily due to the large amount of artefact present within the hypodermis. 
2. Plane of section. 
Venous valves are most readily identifiable in longitudinal sections of vem. 
Identification of valves from oblique or transverse sections of veins is much less 
likely. Parts of the valve cusps that have been sectioned obliquely or transverse may 
become 'free-floating' within the lumen of the vein because the attachment of the 
cusp to the veins wall is not present in the same section. These 'free-floating' valves 
may either not be recognised as valves, or may be lost altogether during processing. 
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3. Lack of larger veins, and scattered distribution of valves. 
By histology, no valves were identified in the large veins of the hypodermis. This 
is likely to be due to a combination of the artefacts described above. It is widely 
accepted that the larger veins of the dermis are present within the deeper areas of the 
hypodermal tissue - an area significantly affected by artefact in this histology. In 
addition, the chance of being able to identify a venous valve from a longitudinal 
section of vein is directly related to the relative cross-sectional area of that diameter of 
vein within the tissue. It is well known that the microcirculation has a vastly greater 
cross-sectional area than the larger veins, therefore making it much more likely to 
identify venous valves in the very small veins than the larger veins. 
4. Histology is very inefficient for investigating large areas of tissue. 
The examination of lcm2 of tissue requires 200+ slides. Consequently, the use of 
histology as a technique for identifying the distribution of microvenous valves within 
the superficial tissue of the leg is inefficient. This is particularly true when 
investigating large areas of tissue. In order to determine the distribution of 
microvenous valves, a larger volume of tissue from multiple sites from multiple 
individuals will be required. 
Despite having shown the presence of microvenous valves in vessels down to 
17!lm in diameter, this method was considered too limiting for the detailed 
investigations of the distribution of microvenous valves planned. 
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Chapter 4. E12 sheet plastination of 
microvenous valves. 
4.1 Background. 
The technique of tissue plastination was first established in the late 1970's by 
Gunter von Hagens 127 . Plastination relies on the premise that tissue water is replaced 
with a plastic resin, which, when cured, forms a firm, flexible, odourless anatomical 
specimen. When this general plastination principle is applied to tissue slices as 
opposed to whole blocks of tissue, it is referred to as E 12 sheet plastination, with the 
'E12' referring to the type of epoxy resin used 128. 
Traditionally E12 sheet plastination has been used as an aid to teaching, 
particularly in the field of cross-sectional anatomy 129-131 . The use of El2 sheet 
plastination as a research tool is a relatively recent development. E12 has several 
benefits as a research method; one being that it allows examination at a wide range of 
magnifications, from gross examination 16• 132, to microscopic 17• 133• 134. Another 
benefit of E12 sheet plastination is that it allows in situ examination of the vasculature, 
similar to that of histology sections. This is because the surrounding tissues (skin, 
deep fascia, adipose, muscle) are not removed from the plastinated specimens to allow 
the vasculature to be visualised, instead, they are rendered relatively transparent by 
replacing the tissue fluid and lipid with a transparent resin. This made El2 sheet 
plastination attractive as a method for the examination of venous valves in veins with 
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a large range of diameters. This investigation is the first in the literature to have used 
E12 sheet plastination for the examination of the microvasculature and venous valves. 
4.2 Materials and methods. 
4.2.1 Tissue preparation and staining. 
Right lower limbs from four formalin fixed cadavers (one female, three males; 72-
92 years) were removed at the level of the mid-thigh using a disposable scalpel 
(PM40) and a surgical handsaw. Following removal of the tissue, the femoral arteries 
were cannulated and the limbs were perfused with O.lM phosphate buffered saline 
(PBS) in order to confirm the patency of the vessels, and that the outflow from the 
proximal end of the limb was controllable. 
Following a pilot study, it was decided to stain the vasculature of the limbs with 
dilute Gill's haematoxylin #1. This stain was selected because of its ease of use, 
aqueous nature, and stability through the entire plastination procedure, unlike 
methylene blue, which is bleached or removed from the tissue during the acetone-
based dehydration and degreasing steps of the procedure. The vascular system of the 
lower limbs was stained using dilute Gill's haematoxylin #1 (diluted 1:5 in distilled 
water) via a gravity-feed bucket at 1.5m elevation connected to the cannula in the 
femoral artery. The haematoxylin was perfused for five minutes, and then rinsed with 
10 litres of distilled water. During the staining and rinsing procedure, the limb was 
massaged to assist in the flow of the haematoxylin through the small vessels. This 
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protocol of staining the blood vessels with Gill's haematoxylin #1 allowed for 
identification of otherwise poorly visualised vascular system (Figure 4.1 ). 
Since haematoxylin is an alkali dye, is will stain the more acidic cellular structures, 
generally the nucleus and endoplasmic reticulum. However, because of the 
magnification used, and the resolution of the plastinated tissue, this specific staining 
was not seen. In practice, the perfusion staining of the vasculature with dilute Gill's 





Figure 4.1 Examples of the benefit gained from the perfusion staining of the 
.,,asculature of the E12 sheet plastinated tissue with haematoxylin. 
A. A venous valve (arrow) within a large diameter vein that has not been stained with 
haematoxylin. 
B. A venous valve (arrow) within a large diameter vein that has been perfusion stained with 
diluted Gill ' s haematoxylin. The haematoxylin was perfused into the vasculature vis a gravity-
feed system into the femoral artery. The haematoxylin was left within the vasculature for five 
minutes, before the vasculature was thoroughly flushed with distilled water. Note that while it 
is possible to identify the vein and venous valve within the unstained specimen (A), this is 
made much easier following the haematoxylin perfusion (B) . 
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4.2.2 Tissue sampling. 
From each of the lower limbs used for E12 sheet plastination, tissue was excised 
from four distinct predefined regions: gaiter, lower calf, mid calf, and upper calf 
(Figure 4.2). The leg was marked into quarters between the malleolar line (between 
the medial and lateral malleoli) and the epicondylar line (between the medial and 
lateral epicondyles) using a permanent marker. In the middle of each of these regions, 
the area of tissue to be excised was marked. These areas were 70mm in height and the 
entire circumference of the limb (Figure 4.2). A vertical incision was made on the 
lateral margin of each region and the tissue sample excised so that the leg appeared 
'ring-barked'. These tissue samples included skin, subcutaneous tissue, deep fascia, 
and a small amount of muscle tissue. Each sample was then laid flat in a wax-sealed 
wooden box and covered with warm 20% gelatin solution and allowed to cool to room 
temperature. The tissue/gelatin block was then deeply frozen to -85°C for 24 to 48 
hours. The gelatin was used to support the tissue while being sectioned with the 
bandsaw and to help prevent the tissue from thawing during sectioning. The tissue 











Figure 4.2 Diagram of the regions that tissue samples were removed from for the El2 
sheet plastination investigations. 
Limbs used for E12 sheet plastination had tissue samples removed from four regions - gaiter, 
lower calf, mid calf, and upper calf. The tissue samples were 70mm in height, and from the entire 
circumference of the limb. A vertical incision was made at the lateral side of the leg, and the tissue 
sample removed as a single piece. The samples included epidermis, dermis, adipose tissue , deep 
fascia, and a small amount of muscle. The size of the non-sampled areas of ti ssue (black boxes) 
varied between the individuals so that the sampled regions were equidistantly spaced down the leg, 
with the upper calf and gaiter regions adjacent to the epicondylar and malleolar lines, respectively. 
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4.2.3 The El2 sheet plastination procedure. 
Once the tissue samples were completely frozen within the gelatin blocks (as 
described above) the wooden box was dismantled and the tissue/gelatin block 
removed. Frozen 2.5mm thick sections were cut using a bandsaw with a custom-built 
ice-cooled faceplate (Butcher-Boy B16 bandsaw, Lasar MFG Co. Inc. American Meat 
Equipment Company, Montebello, CA 90640, USA). Sections were cut from the 
entire tissue sample; this resulted in approximately 50-100 2.5mm sections for each 
region (depending on the size of the limb). Each 2.5mm section from each region was 
sequentially numbered with a unique identified code. Immediately after being cut, 
each tissue section was gently rinsed under cool, running tap water for approximately 
5 seconds. This step is essential to remove the small amount of gelatin and adipose 
tissue that is warmed and smeared across the tissue surface because of the warming 
effect of the bandsaw blade. The gelatin was not removed from the tissue slices as it 
assisted with tissue orientation. The tissue sections were then systematically arranged 
on aluminium grids in plastic baskets and put through an ascending series of acetone 
concentrations (94-99 .8%) at -20°C, for approximately four weeks, until the tissue 
was completely dehydrated. The tissue dehydration was considered complete when 
the water content of the 99.8% acetone did not increase over four consecutive days. 
Following dehydration, the acetone and tissue sections were removed from the freezer 
and warmed to 25°C, using a thermostat controlled heating pad, and left for two 
weeks to aid with the degreasing process. The acetone was not changed during the 
de greasing process, although the lipid was skimmed from the surface of the acetone as 
it accumulated. Degreasing was said to be complete when the yellow lipid ceased to 
accumulate on the surface of the acetone, and the tissue slices became translucent. 
The tissue slices were then impregnated with epoxy resin (E12/El/AE10/AE30 at a 
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ratio of 100:28:20:5 p.b.w.; Biodur, Rathausstrasse 18, 69126, Heidelberg, Germany) 
in a vacuum chamber at 0°C. The impregnation of the tissue was checked daily and 
continued until the bubbles of acetone being drawn out of the tissue had significantly 
slowed or virtually ceased. Resin impregnated slices were laid flat, covered with 
additional epoxy resin and cured between 250!J.m amorphous PET (polyethylene 
terephthalate) plastic sheets in a 32°C oven and a 45°C oven for one week each. 
4.2.4 Viewing of the sheet plastinated material. 
Light microscopy. 
The E12 sheet plastinated tissues were qualitatively and quantitatively viewed 
using light microscopy (Provis AX70, Olympus, Japan). 
E12 sheet plastination materials used in this thesis were quantitatively evaluated in 
a random systematic manner. A random number generator was used to choose an 
initial specimen to be viewed (between code numbers one and five). Following this 
initial specimen, every fifth specimen was viewed (for example, specimens 2, 7, 12, 
17, ... ). By viewing the tissue in this manner, it was possible to obtain a reasonable, 
systematic sample of the tissue. Specimens of particular interest were viewed 
separately from this randomised systematic sample. This allowed specimens of 
interest to be viewed and assessed in a qualitative manner, without compromising the 
quantitative random systematic sample. 
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Identification of venous valves. 
For the identification of venous valves from the E12 sheet plastinated material, the 
slices were generally viewed by light microscopy at lOx magnification. This was 
reduced to 2.5x or 1.25x magnification as required, for example, in order to view and 
measure venous valves present within large diameter veins, which were larger than 
the field of view. By changing the objective lens without moving the stage of the 
microscope a lower magnification could be viewed, and then returned to the higher 
magnification, without compromising the systematic integrity of the examination of 
the specimen. 
Venous valves were identified in the E 12 sheet plastinated material as thin, semi-
circular invaginations of haematoxylin-stained tissue into the lumen of the vessel 
(Figure 4.3). Often, the entire three-dimensional structure of the valve could be 
identified by focusing through the tissue. However, this made the photography of the 
entire valves difficult, especially in the larger diameter veins, due to the required 
depth of focus (Figure 4.3). 
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Figure 4.3 Examples of venous valves identified from the haematoxylin perfused E12 
sheet plastinated tissue. 
A. A longitudinal section through a venous valve (in a vein 10011m in diameter) from EI2 sheet 
plastinated superficial tissue from the leg. The purple/blue haematoxylin staining of the 
vasculature has enabled identification the valve cusps (arrowheads) and the valve sinuses 
(small arrows). The presumed direction of blood flow is indicated (large arrow). Scale bar= 
JOO!lm. 
B. A venous valve located within the orifice of a tributary (140!lm in diameter). This valves is 
seen in three-dimensions and therefore the valve appears as two semi-circular cusps (small 
arrows) rather than the cross-section appearance of the cusps as seen by histology. Overlying 
the larger vein is a number of capillaries (arrowheads). The presumed direction of blood flow 
is indicated (large arrow). Scale bar= lOO!lm. 
C. Similarly to the valve shown in image 'B ',this valve is located within the orifice of a tributary 
(420!lm in diameter). The vein in which this valve is present is located within the most 
superficial area of the hypodermis, with the lower part of the dermis able to be identified in this 
micrograph (dashed arrow). Because of the orientation of this valve, it is not possible to 
identify the valve sinuses, or whether this is a monocuspid or bicuspid valve. The distinctive 
shape of the cusps and attachment of the cusps to the vein wall are identifiable (small arrows). 
The presumed direction of blood flow is indicated (large arrow). Scale bar= 400!lm. 
D. This is a longitudinal section through a valve present in a vein (7011m diameter) within the 
dermis (dashed arrow). The surface of the skin is visible at the top of the micrograph, and the 
hypodermis at the bottom. This valve is present at the cut surface of the tissue and therefore is 
not completely obscured by the fibrous tissue of the dermis. The cusps (arrowheads) and 
sinuses (small arrows) of the valves are seen. The direction of blood flow is indicated (large 




Measuring venous diameter at the point of the venous valve. 
Valvular sinus height and venous diameter were measured from each valve 
identified within the E12 sheet plastinated tissue using the 'NIH Image' software 
package (version 1.62, http://rsb.info.nih.gov/nih-image). The diameter of the vein 
was measured immediately proximal to the venous valve, using the calibrated 'point-
point tool' (Figure 4.4). However, measurement of the sinus height of venous valves 
identified from the E12 sheet plastinated tissue was difficult and less reliable due to 
the random orientation of the veins and valves within the plastinated tissue. Therefore, 
the sinus height of the venous valves identified by E12 sheet plastination was not used 
as a measure of valve morphology; instead, sinus height was only used for assessing 
whether venous valves were associated with tributaries, as described below. 
Identifying the association with tributaries. 
In order to better understand the role of microvenous valves, the relationship to 
tributaries was assessed. During the examination of the E12 sheet plastinated tissues, 
each valve that was identified was defined as being either associated, or, not 
associated, with a venous tributary. In order to account for differences in the diameter 
and size of the valve, it was defined that a valve was associated with a tributary if it 
was within one sinus height of the orifice of a tributary (Figure 4.5). In those cases 
where there was not an orifice of a tributary within this area, the valve was defined as 
being 'not associated with a tributary'. In practice, this was relatively easy to assess 
since there were very few tributaries located near the one sinus height distance from a 
valve. The tributaries were generally very near the venous valve, or a considerable 
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distance from the valve. It was relatively uncommon for the one sinus height distance 







Figure 4.4 Schematic diagrams of a venous valve identifying the measurements made 
from each valve identified. 
:) For each venous valve identified the associated venous diameter was measured immediately 
proximal to the valve. The venous diameter was measured as the widest point of the vein. The sinus 
height (SH) of each valve within the El2 plastinated tissue was also measured. However, because 
of the three-dimensional arrangement of the valves within the tissue it was often not possible to 
accurately measure the valvular sinus height. For this reason, sinus height was only used to assess 
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Figure 4.5 Schematic diagrams showing examples of valves that were associated, or 
not, with tributaries. 
A valve was defined as being associated with a tributary if the orifice of a tributary was within one 
sinus height of the valve. In this example, the larger valve (A) would be classed as being not 
associated with a tributary since it is more than one sinus height from the tributary, whereas the 
smaller valve (B) is associated with a tributary. 
Assessing the location of venous valves within the depth of the tissue. 
Since El2 sheet plastination retains the gross relationship of the structures within 
the tissue, it allows identification of the depth at which venous valves are located 
within the tissue. When each valve was identified by light microscopy (using lOx 
magnification), the depth of the valve within the tissue was assessed by changing the 
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magnification to 1.25x magnification (without moving the microscope stage in the X 
or Y plane) and measuring from the deep fascia to the most superficial pmt of the, 
tissue. The most superficial part of the tissue was generally the epidermis, although in 
some rare circumstances it was removed or damaged due to blistering of the skin 
during fixation of the cadaver. In these circumstances, the measurement was made 
from the deep fascia to the most superficial part of the tissue present. This 
measurement of the thickness of the tissue was then used to calculate which third of 
the superficial tissue the valve was present within - superficial, middle, or deep third 
(Figure 4.6). 
In some cases, it was found that a valve crossed the boundary between the thirds. 
This was particularly true for the valves in the larger diameter veins. To allow for this 
possibility, inclusion and exclusion lines were defined. If a valve was identified to 
cross the boundary between two thirds, then the valve was assigned to the deeper of 
the thirds. This was decided because it had been earlier defined that the superficial 
tissue did not include the deep fascia, therefore if a valve was found to cross the line 
of the deep fascia (in a perforating vein for example) then it was defined as not part of 
the superficial tissue investigated. 
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Figure 4.6 A. Schematic showing the tissue depths examined within the superficial 
tissue. B. An example of an E12 sheet plastinated tissue slice which has been perfused 
with haem.atoxylin. 
The dashed lines show the division of this tissue into the superficial (S) , middle (M), and deep (D) 
thirds. The dermis (dotted line), hypodermis (arrowed line), and deep fascia (arrowhead) are also 
shown. Surrounding the tissue is the gelatin (*) in which the tissue is embedded in order to cut the 
2.5mm sections. 
Confocal laser scanning microscopy (CLSM). 
In addition to light microscopy, confocal laser scanning microscopy was also used 
~o examine the E12 sheet plastinated tissue. 
The E12 plastinated slices were viewed using a BioRad MRC600 CLSM (BioRad, 
Hercules, CA 94547, USA). The plastinated tissue slices were viewed at 0.5-l.5f!m 
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thick optical sections at both 488nm and 568nm excitation. Digital overlay images 
were collected from exactly the same point in both the LM and CLSM images by the 
BioRad CLSM system. 
Prior to viewing the E12 sheet plastinated tissue using the CLSM, the surfaces of 
the plastinated sheets were thoroughly cleaned with 70% ethanol to remove any 
foreign material and debris that may affect the quality of the CLSM imaging. In some 
cases it was necessary to remove the thin plastic sheet (250[.tm amorphous PET) that 
covered the plastinated tissue. This was only done when there was significant damage, 
such as a scratch to the plastic sheet, which inhibited viewing the tissue by CLSM. In 
these cases, the plastic could be replaced with a new, undamaged plastic sheet prior to 
viewing by CLSM. 
4.2.5 Statistical analysis. 
Unless otherwise stated, all data are presented as mean ± one standard deviation. 
All statistical tests were calculated using the statistical package StatView® version 
5.0.1 (© 1992-1998, SAS Institute Inc.) or InStat™ version 2.01 (© 1993, GraphPad 
Software. 
Where necessary, data sets were log-transformed prior to analysis; this helped to 
removed some of the bias introduced by data that was not distributed normally. The 
specific test used in this thesis are summarised in Table 4.1. 
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Table 4.1 Statistical tests used for each type of data set. 
Data type Parametric test Non-parametric test 
Two groups t-test Mann-Whitney U test 
Three+ groups ANOVA Kruskal-Wall ace test 
Three+ groups (post-hoc tests) Scheffe" 
Trend between two continuous Correlation coefficient Correlation coefficient 
groups 
The Scheffe post-hoc test was chosen from the available tests because of its conservative nature, and 
its robustness to violations of assumptions (such as not requiring homogeneity of variances, equal cell 
numbers, or cell normality. 
4.3 Results. 
4.3.1 Size distribution of microvenous valves. 
Microvenous valves were identified from the plastinated tissue by the projection of 
the valve cusps into the lumen of the vein (Figure 4.3). Microscopy of E12 sheet 
plastinated tissue showed that venous valves are present in all diameters of veins 
greater than 67[-lm, especially within those veins less than 400[-lm that were not 
previously viewed either by dissection (Chapter 2) or histology (Chapter 3). Indeed, 
numerous venous valves were present within the microvenous circulation of the 
superficial tissue of the human lower leg, in veins as small as 67[-lm in diameter 
(range 67-2739[-lm). The distribution of the valves according to the diameter of the 
veins in which they were identified in is shown in Figure 4.7, and Figure 4.8. Most 
valves occurred in veins less than 200[-lm in diameter. Fewer valves were located in 
the larger veins. The distribution of those veins that contained valves was not different 
between the limbs (Correlation coefficient, r=0.85-0.99) (Figure 4.8). 
93 
~ 
The distribution of diameters of veins that were identified to contain valves from 
superficial, middle, and deep tissue depths was not significantly different (Correlation 
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Figure 4.7 Distribution of the number of venous valves according to the vein diameter 
from the tissue samples examined from the four limbs processed for E12 sheet 
plastination. 
The data represent the mean (±SD) number of venous valves identified within each 50~-tm 
increment. The means are average number of valves from the four limbs investigated. Each limb 
represented the total data collected from the four regions investigated per limb (10-20 2.5mm thick 
plastinated tissue slices examined per region, this equates to approximately 17.5-35 cm3 of tissue 
examined). Therefore, the total data for each limb is arrived at following the examination of 
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Figure 4.8 Distribution of percentage of valves contained within veins of different 
sizes from the tissue sampled from each of the limbs examined by E12 sheet 
plastination. 
The data represent the percentage of venous valves identified within each 50J.tm increment for each 
of the four limbs examined. Each limb represented the total data collected from the four regions 
investigated per limb (10-20 2.5mm thick plastinated tissue slices examined per region, this equates 
to approximately 17.5-35 cm3 of tissue examined). Therefore, the total data for each limb is arrived 
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Figure 4.9 Distribution of percentage of valves contained within veins of different 
diameters from the three tissue depths examined. 
The data represent the percentage of venous valves identified within each 50~m increment for each 
of the tissue depths examined (superficial, middle, and deep thirds of the superficial tissue). Each 
series in the graph represents the total data collected from the four limbs investigated 
(approximately 40-80 plastinated tissue slices (70-140 cm3 of tissue)). 
4.3.2 Density of venous valves per surface area and volume examined. 
From the plastinated tissues, venous valves were identified at a frequency of 
4.7±1.3 valves/cm2, based on the estimated surface area of the tissue investigated 
(70mm wide x 2.5mm thick x number of slices viewed) (Table 4.2). This 
corresponded to 5.2±2.2 valves/cm3 when the depth of the tissue examined was 
included (Table 4.2). The density (valves/cm3) of valves from the superficial tissue of 
96 
the lower leg was found to differ significantly between the cadavers (Table 4.2). Two 
limbs were distinguished by having thicker specimens from all regions (c.0037 and 
c.0082 = 11.9±1.6 mm, vs., c.0024 and c.0104 = 7.5±1.2 mm; unpaired t-test, 
p<0.001). The 'fatter legs' had a lower valve density than the 'thinner legs' ('fatter 
legs' = 3.4±1.3 valves/cm3; 'thinner legs' = 7 .0±1.5 valves/cm3, unpaired t-test, 
p<O.OOl) but similar surface areas examined and frequency of valves identified. This 
suggests that the variations in the density of venous valves, when expressed as 
valves/cm3, between the legs is due to variations in the thickness of the adipose tissue 
of the limbs, rather than differences in the total number of valves between these limbs. 
Using valves/cm2 may be a more reliable measure of valvular density since it is not 
affected by the thickness of the superficial tissue ('fatter legs' = 4.2±1.8 valves/cm2; 
'thinner legs'= 5.3±1.3 valves/cm2, unpaired t-test, p=0.187). Unfortunately, sample 
size is small and limits the reliability of this observation. 
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Table 4.2 Number and density of venous valves identified in the specimens from four limbs quantitatively evaluated by E12 sheet plastination. 
The limbs are grouped as 'thinner legs' (lighter shading) or 'fatter legs' (darker shading) to highlight differences in valve density. 
The data represent the mean (±SD) for each individual limb. Each limb represented the mean± SD of the data collected from the four regions investigated per limb ( I 0-20 
2.5mm th ick plastinated tiss ue slices examined per region). Therefore, the total data for each limb is arrived at following the examination of approximately 40-80 
plastinated tissue slices. The 'mean± SD' column is the average of the means of the individuals . 
Mean±SD c.0024 c.0104 
(M, 73) (M, 92) 
Average valve number per region 115.9±35.7 151.0±50.3 102.5±44.5 
Average surface area exam ined per region (cm2) 23.4± 1.5 24.9±5.8 21 .9±5.4 
Average va lves/cm2 per region 4.7± 1.3 6.0±1.0 4.5±1.1 
Average tissue volume examined per region (cm3) 23.0±6.7 19.6±3.7 16.0±6.4 
Average val ves/cm3 per region 5.2±2.2 7.5±1.3 6.5±1.7 
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4.3.3 Valve frequency according to tissue depth. 
The density of microvalves varied across the levels of the skin and subcutaneous 
tissue. The density of valves was greatest within the superficial third of the tissue 
compared with the middle or deep layers of the tissue (ANOVA, p<0.001) (Table 4.3). 
The density of valves/cm2 within the depths of the tissue also varied significantly 
between the limbs studied (Table 4.3), but the proportion of valves within each depth 
of the tissue was similar between the limbs (Table 4.3). 
When the anatomical structures in these tissue depths are considered, the 
superficial third is related to the vasculature of the dermis and the most superficial 
portion of the hypodermis, the middle third is solely hypodermal, and the deep third is 
also hypodermal, but also included those vessels running on the surface of the deep 
fascia (Figure 4.1 0). Significant differences in the thickness of the subcutaneous 
tissue were identified between the 'thinner' and 'fatter' limbs (7 .5±1.2 mm vs. 
11.9±1.6 mm respectively; unpaired t-test, p<0.001). This will affect the tissue within 
the superficial, middle, and deep thirds of the tissue since the thickness of each of the 
tissue depths (superficial, middle, and deep thirds) is related to the thickness of the 
subcutaneous tissue. This difference will result in the 'fatter' limbs having a greater 
amount of hypodermal tissue, rather than dermis, in the superficial third, thereby 
making it more likely for venous valves to be identified within the superficial third of 
the 'fatter' limbs than the 'thinner' limbs. However, this does not create a practical 
difference when the density of venous valves identified within the superficial third of 









When the density of vessels within each of these tissue depths in quantified by 
histology, it was found that the majority of the vessels were present within the 
superficial third of the tissue (Chapter 3). No significant difference was identified in 
the density of vessels between the middle and deep thirds of the subcutaneous tissue. 
However, this high density of vessels within the superficial third of the subcutaneous 
tissue is predominantly within the dermis, an area of the tissue poorly visualised by 
E12 sheet plastination. Unfortunately, it was not possible to quantify the density of 
vessels in the E 12 sheet plastinated specimens themselves. This was because classical 
stereological techniques, such as the optical dissector, were unsuitable to be used to 
investigate the density and size distribution of the vessels present within the tissue 
samples. 
Table 4.3 Depth distribution of valves from each of the individual limbs processed for 
E12 sheet plastination. 
Data are represented as mean±SD valves/cm2 from each depth of each limb. The data for each limb 
represents the total data collected from the four regions investigated per limb. The percentage of 
valves (±SD) present at each tissue depth within each limb is shown in parentheses. The 'mean ± 
SD' column is the average of the means of the individuals . 
Mean± SD c.0024 (M, 73) c.0104 (M, 92) 
Superficial 2.4±0.6 2.9±0.9 2.2±0.8 
(48.4%±11.0) (47.2%±8.3) (47.9%±1 0.9) 
Middle 0.9±0.3t 1.2±0.3 1.0±0.1 
(21.1 %±7Y) (21.4%±7.5) (23.2%±9.1) 
Deep 1.4±0.5t 1.9±0.3 1.3±0.5 
(30.7%±4.3' ) (31.4%±3.1) (28.9%±5.1) 
Significantly different from superficial; p<O.OO 1 
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Figure 4.10 Low magnification images demonstrating the differences in the 
composition of the tissue thirds from the 'fatter' (A) and 'thinner' (B) tissue 
specimens. 
In general, the 'fatter' specimens were present within the upper calf, while the 'thinner' specimens 
were present in the gaiter region. In addition to this, two of the cadavers used in this investigation 
had significantly thicker subcutaneous adipose tissue when compared to the remained two limbs. 
The superficial third (S) of the 'fatter' specimens contained more adipose tissue when compared to 
the 'thinner' specimens. It is possible, although unlikely, that this difference in the composition of 
the superficial (S) , middle (M), and deep (D) tissue thirds is responsible for the difference in the 
distribution of venous valves between the tissue depths. The E12 sheet plastinated tissue is 
surrounded by gelatin (asterisk) and a small amount of muscle tissue is visible deep to the deep 
fascia in image 'B '. Scale bar = 1 Omm. 
4.3.4 Relationship between microvenous valves and tributaries. 
Sixty percent of the venous valves identified from the E12 sheet plastinated tissue 









with tributaries were often located distal to the tributary orifice within the axial vein, 
or within the orifice of the tributary. The percentage of valves that were identified as 
being associated with tributaries was not significantly different between the cadavers 
(Table 4.4). In addition, no differences in the percentage of valves associated with 
tributaries were identified between the three tissue depths examined (p=0.1665) 
(Table 4.5). The distribution of diameters of veins that contained valves associated 
with tributaries were not different from those not associated with tributaries 
(Correlation coefficient, r=0.98) 
Table 4.4 Proportion of valves associated with tributaries from the four limbs 
investigated by E12 sheet plastination. 
The data are presented as the mean ± SD density of venous valves (valves/cm2) for each of the 
limbs examined. These means are the average valves/cm2 from the four regions investigated per 
limb. Therefore, the total data for each limb is arrived at following the examination of 
approximately 40-80 plastinated tissue slices (70-140 cm3 of tissue) . The 'mean± SD' column is 
the average of the means of the individuals. 
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Table 4.5 Percentage of venous valves associated with tributaries between different 
tissue depths from each limb sampled for E12 sheet plastination. 
The superficial tissue (between the surface of the dermis and the deep fascia) was divided into 
equal thirds (superficial, middle, and deep), based on the thickness of the superficial tissue from the 
surface of the dermis to the deep fascia, in order to examine the depth distribution of the valves. 
The data are presented as the mean ± SD percentage of valves associated with tributaries within 
each of the tissue depths for each limb. These means are the average of the data for each of the 
regions examined. The 'mean ± SD' column is the average of the means of the individuals. 
c.0024 c.0104 c.0037 c.0082 
(M, 73) (M , 92) (F, 86) (M, 72) 
67.6±15.5 61.0±2.2 62.8±9.0 53.2±14.6 
66.3±12.2 56.0±5.5 56.6±5.7 48.6±25.9 
70.9±2.1 57.9±3.8 65.8±9.0 70.0±11.9 
4.3.5 Valve frequency according to regions of the lower limb. 
When comparisons were made between the densities of venous valves at the four 
regions examined, significant differences were identified. The density of venous 
valves per unit area was lower in the gaiter region when compared to the other regions, 
although this did not reach statistical significance (ANOV A, p=0.089) (Table 4.6 and 
Figure 4.11). When the limbs were grouped as 'thinner legs' (c.0024 and c.0104) and 
'fatter legs', no significant differences were identified between 'thinner' and 'fatter' 
legs when the density of valves/cm2 was compared between the regions. However, the 
density of valves/cm3 was significantly higher in the thinner legs in the gaiter (Scheffe 
post hoc test, p=O.Ol) and mid calf regions (Scheffe post hoc test, p=0.03). However, 




Table 4.6 Number and density of venous valves identified in the specimens from the 
:> four regions examined from the four limbs quantitatively evaluated by E12 sheet 
plastination. The limbs are grouped as 'thinner legs ' (lighter shading) or 'fatter legs' 
(darker shading) to highlight differences in valve density. 
The data represent the mean (±SD) for each region of each individual limb. The data collected from. 
., each of the four regions is from the examination of 10-20 2.5mm thick plastinated tissue slices 
examined per region. The 'mean ± SD' column is the average of the means of the individuals. 
Mean±SD c.0024 c.Ol04 
(M, 73) (M, 92) 
Number of valves identified 149.0±34.0 181 138 
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Valves/cm3 6.7±2.4 8.5 8.9 
Number of valves identified 92.0±42.6 140 82 




Valves/cm2 ..... 4.5±1.8 6.7 4.3 Q) 
~ 
Tissue volume examined (cm3) 0 20.0±5.0 18.1 16.3 ...-1 
Valves/cm3 4.7±2.3 7.7 5.0 
') Number of valves identified 55 .5±22.9 85 49 
Surface area examined (cm2) 17.1±1.7 19.3 15.8 
..... 
2 Valves/cm2 3.2±1.0 4.4 3.1 "<;j 
0 Tissue volume examined (cm3) 15.3±5.9 15.2 8.1 

































I I I I I I 
i I I I I 
----=-------" 




I I I I 
~ - I I J__ 
I 1 
I I 
I ! I I I , I I 
I I I 
f 
I I I I I I '------=, I -
' I 
I 
I I ' 
0.0 - -- -
Gaiter Lower calf Mid calf Upper calf 
Figure 4.11 Distribution of valves per unit area between the regions of the leg. 
These data represent the mean ± SD valves per unit area from each of the regions examined from 
the lower legs by E12 sheet plastination. This data is from the examination of four limbs from four 
cadavers, with 10-20 2.5mm thick plastinated slices being examined per region for each limb. 
In each of the regions, the majority of valves were identified in veins 50-150f!m in 
diameter (Figure 4.12). The distribution of valves according to the diameter of the 
veins was found to have a strong correlation between the regions of the leg 
(correlation coefficient, 0.93-0.99). The distribution of the diameters of veins that 
contained valves within each of the tissue depths also correlated strongly between the 
regions (correlation coefficients; superficial third = 0.87-0.98, middle third = 0.69-
0 0.96, deep third = 0.68-0.89). This confirms that the distribution of venous valves in 
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) 
veins of different diameters is consistent, irrespective of tissue depth, or region of the 
leg. 
When the distribution of valves within the tissue depth was compared between the 
regions of the leg it was found to differ significantly (Figure 4.13). From the lower, 
mid, and upper calf, more than half of the valves identified in each region were 
present within the superficial third of the tissue (lower calf= 2.5±0.7 valves/cm2, mid 
2 . 2 
calf= 3.0±0.8 valves/em , upper calf= 3.0±0.9 valves/em). The density of valves 
located within the superficial third of tissue from the gaiter region was significantly 
lower ( 1.0±0.4 valves/cm2; ANOV A, p<0.005). The density of valves per unit area in 
) 
the middle and deep thirds of the tissue did not differ between the regions (ANOV A, 
p>0.05). 
Since venous valves are poorly visualised within the dermis, it would be expected 
that the proportion of valves within the superficial third of very thin specimens would 
also be low. When the thicknesses of the subcutaneous tissue (epidermis to deep 
fascia) from the four regions examined were compared, no significant differences 
were identified (gaiter= 8.9±3.3 mm, lower calf= 9.9±1.7 mm, mid calf= 9.2±2.9 
mm, upper calf = 10.9±3.2 mm; ANOVA, p>0.05). Therefore, the significant 
differences in the distribution of valves within the depth of the tissue between the 
regions cannot be attributed to differences in the thickness of the subcutaneous tissue 
between the regions. 
No differences in the association between venous valves and tributaries were 
identified between the regions investigated (unpaired t-test, p>0.05) (Table 4.7). 
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Table 4.7 Distribution of the association of venous valves with tributaries for each of 
the regions examined. 
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Figure 4.12 Distribution of percentage of valves contained within veins of different 
sizes from the tissue sampled from each of the regions of the lower legs examined by 
E12 sheet plastination. 
The data represent the percentage of venous valves identified within each 50f.tm increment for each 
region. Each region represented the total data collected from the four limbs investigated for that 
region (10-20 2.5mrn thick plastinated tissue slices examined per region, this equates to 
approximately 17.5-35 cm3 of tissue examined). Therefore, the total data for each region is arrived 
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Figure 4.13 Distribution of venous valves within the depth of the E12 sheet 
plastinated tissue for each region of the leg. 
The gaiter region was found to have significantly fewer valves in the most superficial third of the 
subcutaneous tissue (p<0.005). No significant differences were identified between the regions in 
the middle and deep thirds of the subcutaneous tissue. 
4.3.6 CLSM of E12 sheet plastinated tissue. 
During the course of this investigation, it was shown that E12 plastinated tissue 
exhibits autofluorescent properties. This autofluorescence made it possible for El2 
sheet plastinated tissue to be examined by confocal laser scanning microscopy 
(CLSM). CLSM revealed a level of detail within the plastinated tissue samples, which 
was not seen by conventional light microscopy. E12 sheet plastinated tissue was 
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found to be autofluorescent at both 488nm and 568nm excitation wavelengths, with 
the emission signal strongest from the 488nm excitation (Figure 4.14). Structures that 
were not readily visualised by LM, such as the fibrous tissue of the adipose tissue, 
cutaneous nerves, and the arrangement of the fibrous tissue within the dermis, could 
be identified by CLSM of the E12 sheet plastinated tissue due to the autofluorescence 
of the fibrous tissue elements (Figure 4.15). Microvenous valves were unable to be 
identified by CLSM of E12 sheet plastinated tissue; this is probably due to the 
relatively small amount of connective tissue present within the cusp. It is likely that 
the autofluorescence generated from the microvenous valves is below the threshold of 
detection by the CLSM used. It may be possible that a more sensitive CLSM could 








Figure 4.14 Shown are the emission images from the E12 sheet plastinated tissue 
when viewed by either 488nm or 568nm excitation wavelengths. 
,, 
'Channel 1' is the channel at which the image from the 568nm emission is detected, while 'Channel 
2' is the channel at which the image from the 488nm emission is detected. It would normally be 
expected that there should only be fluorescence detected at 488nm excitation/Channel 2 (B), or, 
568nm excitation/Channel 1 (C). Here we can see that there is also fluorescence present at the 
488nm excitation/Channel 1 (A). This is due to the long excitation 'tail' on the 488nm peak, which 
is partially extending into the 568nm wavelengths. For the purposes of this investigation the 488nm 
excitation was used, and detected on channel 2, because this arrangement gave the strongest 
autofluorescence signal from this tissue. Scale bar = 200flm. 
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Figure 4.15 Light microscopy and CLSM images ofE12 sheet plastinated tissue. 
A. Light microscopy image of E12 plastinated tissue. The blood vessels (BV) are stained with 
dilute Gill's haematoxylin. Note the obscuring shadow left by a large out-of-focus vessel 
(asterisk). 
B. This is a 0.5-l.Sflm thick image from the confocal laser scanning microscopy. The connective 
tissues surrounding the adipocytes are clearly visible (arrowheads), along with the blood vessel 
walls. 
C. This is a three-dimensional reconstruction of the confocal laser scanning microscopy images 
from O.Sflm thick optical sections through a total of 21 Of!m of tissue. Note the complex three-
dimensional arrangement of the loose connective tissues surrounding the adipocytes. Arrows 





E12 sheet plastination is a novel technique for investigations of the superficial 
vasculature. E12 sheet plastination was first described ten years ago 128 and since this 
time has generally been used for teaching purposes. More recently, E12 sheet 
plastination has been used as a qualitative and quantitative research tool to investigate 
structures such as the nuchal ligament, Liliequist' s membrane, and the arrangement of 
the retinaculum cutis 17' 135' 136. This project has made significant technical advances in 
the field of E 12 sheet plastination, such as haematoxylin perfusion of the vasculature 
of the tissue prior to plastination and confocal microscopy of the E 12 sheet plastinated 
material. These advances have been communicated in relevant journals and 
international conferences 134' 137' 138, and allowed other research projects to be 
undertaken, such as investigating the three-dimension arrangement of the retinaculum 
cutis by confocal microscopy 17. 
This investigation of the microvenous valves of the superficial tissue of the lower 
leg is the first in the literature to apply the technique of E12 sheet plastination to 
research in the field of the microvasculature. This technique has allowed several 
important observations to be made with regard to the anatomy of the microvenous 
valves of the superficial tissues of the lower leg. E12 sheet plastination made it 
possible for numerous venous valves to be identified within veins as small as 70~-tm 
from the superficial tissue of the lower leg. These venous valves were shown to be 
present in all tissues examined, from the large to the small veins, veins immediately 
deep to the skin or veins on the deep fascia, and veins from all regions examined from 
the limbs. 
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The positive outcomes gained by the used of El2 sheet plastination are mainly due 
to the greatly enhanced efficiency of El2 sheet plastination for the examination of the 
superficial vasculature, when compared to histology. El2 sheet plastination has made 
it possible for large areas of tissue to be examined, which would not have been 
practical using histology. For example, each 2.5mm thick E12 sheet plastinated tissue 
slice is equivalent to approximately 625 4!!m thick histology sections. The expense, in 
both time and money, to process and examine the E12 sheet plastinated material is 
considerably less than if the equivalent tissue was processed by histology. 
E12 sheet plastination overcomes some of the difficulties in identifying venous 
valves that were experienced by histology. As described earlier (Section 3.4), 
histology of the superficial tissue had a number of shortcomings, which made the 
identification of venous valves in this tissue unreliable. These limitations were 
generally related to the artefacts created in the histology sections when attempting to 
section the hypodermis, and the plane of sectioning of the veins that were thought to 
contain venous valves. E12 sheet plastination overcame this problem by using deeply 
frozen tissue, with the supporting gelatin, that could be sectioned into 2mm slices 
without causing significant artefact to the subcutaneous tissue. This made it possible 
to reliably examine the vasculature of the hypodermis without the obstruction from 
significant artefact. 
Another advantage of E12 sheet plastination over histology is that E12 sheet 
plastination allowed the vasculature to be examined in three-dimensions, rather than 
the two-dimensional images available from the histology sections. This has made it 
possible to examine the distribution of valves within the context of the 'vascular tree'. 
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An example of this is the association between venous valves and tributaries. Using 
El2 sheet plastination it is relatively simple to define valves as being associated, or 
not, with a tributary since the entire vein and its tributaries are visible within the same 
tissue section. This association is much more difficult to be made by histology 
because the vein and its primary tributaries are likely to be identified across many 
tissue sections, and the identification of which vessels are tributaries, as opposed to 
those running in close proximity but not tributaries, may be less clear. 
However, the use of E12 sheet plastination has some limitations. 
1. An important limitation to this method was that vasculature within the 
dermis was generally unable to be examined. This is because El2 sheet 
plastination renders the tissue transparent by replacing the tissue water and 
lipid with a clear resin. In areas of the tissue where the opaqueness of the 
tissue is caused by fibrous elements, the dermis for example, the 
replacement of any tissue water or lipid will do little to enhance the 
transparency of this tissue. 
2. While the plastination procedure greatly enhanced the transparency of the 
hypodermis, and allowed visualisation of the haematoxylin-perfused 
vasculature, there was still some residual opaqueness of the resin. This 
residual opaqueness, even in the fatty hypodermis, was sufficient to prevent 
vessels of <70!1-m, and any structures within the lumen (such as venous 
valves), from being identified. The resin used in the E12 procedure 
(E12/El!AE10/AE30 at a ratio of 100:28:20:5 p.b.w.; Biodur, 
Rathausstrasse 18, 69126, Heidelberg, Germany) was chosen because of its 
physical properties, colourless, odourless, hardness of cured resin. However, 
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at high magnifications this resin affects the resolution possible of very small 
structures (less than 70[!m). 
3. A further limitation of E12 sheet plastination is due to difficulties in 
applying stereological methods to the vasculature of the El2 sheet 
plastinated tissue. This made it not readily possible to apply classical 
stereological techniques, such as the optical dissector, to investigate the 
density and size distribution of the vessels present within the tissue samples. 
While it is likely that stereology techniques may be adapted to be used in 
E12 sheet plastinated material, it was decided that the benefits of the data 
gained would be outweighed by the time taken to modify the techniques and 
to create and test valid criteria for the estimation of the vascular density 
within the plastinated tissues. 
In spite of these limitations, E12 sheet plastination has allowed important 
observations to be made. One of the most important findings of the E12 sheet 
plastination was that venous valves are present in veins of diameters as small as 70[!m, 
and in all areas of the E12 sheet plastinated tissue viewed. This is consistent with, but 
far more comprehensive than, the earlier findings from the dissection (Chapter 2) and 
histology (Chapter 3) studies, as it demonstrated valves to be present in those veins 
not identified by these previous techniques, namely those veins 70-400[!m in diameter. 
Moreover, quantification of the diameters of veins that contained valves showed that 
the majority of the venous valves seen were present in the smaller of the veins able to 
be viewed by E12 sheet plastination (>70[!m). Since this is the first time that E12 
sheet plastination has been used to investigate the venous valves, it is not possible to 
make comparisons with other E12 sheet plastination studies in the literature. However, 
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the size distribution of veins that were identified to contain valves by plastination is 
consistent with that of other techniques that also showed the majority of venous 
valves to be present within the smaller of the veins 3• 56• 126. 
Significant differences in the density of venous valves per tissue volume within the 
superficial tissue of 'fatter legs' and 'thinner legs' were suggested in this study. While 
the assignment of the limbs as 'fatter' or 'thinner' was on limited grounds, and the 
numbers of limbs examined was very small, it is an interesting observation. Since the 
number of venous valves identified and surface area examined between the 'fatter' 
and 'thinner' legs was not different, the difference in the valves/cm3 may be assumed 
to be due to the thickness of the subcutaneous tissue examined. Since the only vessels 
altered in the 'fatter' limbs are presumably those supplying and draining the 
additional adipose tissue, any vessel plexuses near the dermis or deep fascia are 
unlikely to be altered by the laying-down of adipose tissue. Any changes would 
therefore be within the 'added' adipose tissue. This study suggested this to be the case. 
In the fatter limbs, it is likely that the increase in the number of veins to drain the 
increased volume of adipose tissue is derived from the elongation and dilation of 
existing veins. This stretching of the veins will result in an increase in the distance 
between adjacent valves, and therefore a decrease in the functional density of venous 
valves. Obesity is known to be associated with venous ulcers and valve failure 139• 
Whether there is a relationship between this and the reduced density of microvenous 
valves in the 'fatter' limbs in an interesting possibility. 
Due to the efficiency of E12 sheet plastination, large areas of tissue could be 
examined, and comparisons between these areas could be made, including 
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comparisons between the regions of the lower leg. The density of venous valves was 
significantly lower in the gaiter region of the leg when compared to the mid and upper 
calf regions. This is contrary to the distribution of venous valves within the GSV, 
where venous valves are more prevalent in the more distal regions of the GSV 39• 45• 46• 
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• The distribution of venous valves in the large veins is generally attributed to the 
haemodynamic and haemostatic demands 39' 45' 46' 140• It is possible that the effect of 
gravity does not have the same haemodynamic impact on the very small superficial 
veins of the leg, and therefore, the distribution of valves within them is not 
determined by the same factors as in the large superficial veins of the leg. Indeed, 
microvenous valves are found elsewhere, including the face and subcutaneous tissue 
overlying the scapula 3' 57 . However, this does not explain the finding that there were 
fewer valves within the more distal regions of the leg. 
While E12 sheet plastination did make it possible to demonstrate that valves were 
unequally distributed between the depths, it was unable to further investigate the 
cause of this difference. Whether this was due to an increase in the density of venous 
valves within the veins of the superficial third of the tissue examined, or if there is an 
increase in the density of veins within the superficial third of the tissue and therefore 
an increase in the frequency of valves, is unclear. These two possibilities are likely to 
be very important when considering vascular function since the 'functional density' of 
valves (valves/vein, or, valves/capillary bed) would be very different. From 
histological examination of human skin from the lower limb, it has been demonstrated 
that there is an increase in the density of vessels within the dermis 21 ' 22• 24 . This may 
indicate that the increase in the density of valves within the superficial third of the 
subcutaneous tissue of the lower leg may be due to an increase in the density of 
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vessels in this area, rather than an increase in the density of valves within the veins of 
this tissue. However, it must be remember that vessels within the dermis are poorly 
visualised by E12 sheet plastination, and so the majority of veins, and possibly valves, 
within the dermis are unseen by plastination. Since the veins within the dermis are not 
identified by E12 sheet plastination, it was assumed that the valves identified as being 
within the superficial third of the subcutaneous tissue were present at the dermal-
hypodermal junction, within the reticular plexus. The reticular plexus is commonly 
referred to in the literature 21 -23 , and in spite of the lack of strong quantitative data, 
there is some literature describing the presence of this vascular plexus 24 . While this 
thesis has been unable to identify the exact location of the increased density of venous 
valves within the superficial third of the subcutaneous tissue, it is most likely that 
these valves are present within the veins of the reticular plexus. Further plastination 
and histological investigations would be required to confirm that this assumption is 
correct. 
The depth of veins that contained venous valves was found to differ between the 
regions examined by E12 sheet plastination. This observation is of interest since it 
shows a significant difference between the gaiter region of the leg, where venous 
ulcers are most prevalent, and the more proximal regions of the limb, where venous 
ulcers are much less common. It was shown that in the gaiter region venous valves 
were significantly less commonly identified within the superficial third of the 
subcutaneous tissue. This may represent a decrease in the protection from venous 
hypertension being transmitted retrogradely to the veins and capillaries of the dermis 
of the gaiter region. This difference in the depth distribution of valves between the 
regions is unlikely to be related to differences in vessel density within the regions 
120 
because it has been demonstrated in the literature 141 , that the density of vessels does 
not differ between the gaiter region and other regions of the leg. It would be of great 
interest and value to examine the depth distribution of venous valves within the foot, 
since the foot is relatively protected from venous ulceration. Unfortunately, E12 sheet 
plastination was unsuitable for this investigation since the subcutaneous adipose tissue 
on most of the foot (with the exception of the plantar surface) is very thin, therefore 
making E12 sheet plastination ineffective since it relies of the transparency of the 
adipose tissue. 
It must be acknowledged that the observation of the depth distribution of the 
venous valves may be subject to bias. This is because the thirds are dependent on the 
depth of the tissue. Therefore, the anatomical structures within in each third of the 
tissue, such as the dermis or vascular plexuses, are also dependent on the thickness of 
the tissue. This is likely to be an issue when looking at differences between fatter 
limbs (11.9±1.6 mm) and thinner limbs (7.5±1.2 mm), or between regions where the 
thickness of the superficial tissue varies greatly, such as the upper calf (10.9±3.2mm) 
and gaiter (8.9±3.3mm). The greatest difference in the composition of these tissue 
depths in likely to be identified within the superficial third of the tissue. In thinner 
tissue samples, such as the gaiter region, the superficial third of the tissue contained 
the dermis, and a small amount of the hypodermis (Figure 4.10). Thicker tissue 
samples, such as the mid calf, contained much more hypodermis within the superficial 
third of the tissue (Figure 4.1 0). However, this is unlikely to create a large practical 
difference in the distribution of venous valves from the E12 sheet plastinated tissue 
because the difference between regions and between limbs is relatively minor and the 
range of thicknesses is relatively large. In addition, significant differences are 
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identified between the gaiter region ('thinner' tissue) and the upper calf regiOn 
('fatter' tissue) when the distribution of valves is considered, however, no such 
difference exists between the 'thinner' limbs (c.0024 and c.Ol04) and the 'fatter' 
limbs (c.0037 and c.0082). This suggests that the differences in the composition of the 
tissue depths do not affect the distribution of venous valves identified within these 
areas. 
E12 sheet plastination has only identified one variable that was consistent 
throughout the individual limbs, diameter of the veins, regions of the leg, or depth 
within the subcutaneous tissue, the association between venous valves and tributaries. 
Regardless of the tissue sampled, approximately 60% of the venous valves were 
identified as being associated with tributaries. This may indicate that the distribution 
of venous valves in the leg is related to the density of venous tributaries, rather that 
the density of veins, or the haemostatic stress on the regions. While no studies have 
been found to investigate the distribution of venous tributaries in the leg. Bull et al 
(1995) used capillaroscopy to show that the density of capillaries did not differ 
between regions of the lower leg 141 • However, it cannot be assumed that the density 
of vessels is related to the density of tributaries. 
In conclusion, E12 sheet plastination has been a highly valuable method for the 
investigation of the microvenous valves of the lower leg. E12 sheet plastination has 
allowed venous valves to be identified in veins as small as 70m in diameter within the 
superficial tissue of the leg. Significant differences in the distribution of venous 
valves were identified between venous ulcer susceptible skin (gaiter region) and the 
other regions of the lower leg. Limitations in the plastination technique made it not 
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possible to completely examination the superficial tissue of the foot, and the dermis of 
all regions. 
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Chapter 5. Vascular casting of 
microvenous valves. 
5.1 Background. 
Vascular casting has been used for hundreds of years as an aid for the 
identification of the blood vessels, or as a method for making a replica of the lumen of 
blood vessels 142 The earliest vascular casts have been attributed to Leonardo da 
Vinci, in the early 1500's, who used melted wax to create casts of the chambers of the 
heart and the great vessels 143• In the 150 years following these early vascular casts, 
several alternate casting materials were used, including, lead, tin, bismuth, and gelatin 
142
• While these vascular casting media were successful at filling the large vessels as a 
dissection aid, and for creating replicas of the vessel lumen, there were unable to 
create casts of the microvasculature due to the viscosity and fragility of the media 142. 
Casting of the microvasculature was not possible until the development of very low 
. . . 144 145 s· h. . 1 . h b l bl d viscosity resms · . mce t IS time, vascu ar castmg as ecome a va ua e an 
widely used method for the examination of the vasculature 3• 62• 146-150. 
When creating vascular casts of the microvenous vessels, it would be desirable to 
perfuse the casting resin into the large veins and create a retrograde cast, thereby 
removing the requirement of a complete arterial and capillary cast. However, the 
presence of competent venous valves within these veins prevents this. Therefore, 
vascular casting of the microvenous channels may only be possible via arterial 
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perfusions. When using vascular casts to examine very small venous structures, such 
as microvenous valves, via arterial perfusion sites, it then becomes essential that the 
casting resin have low viscosity, high strength, and very high quality due to the low 
distortion upon polymerisation. This is so that the resin can pass through the capillary 
beds, maintain its shape and completeness of the cast, and so the microscopic 
structures can be identified. Commercially available resins such as Batson® #17 
vascular casting resin, based on a methyl methacrylate resin monomer (PolySciences 
Inc., Warrington, PA 18976, USA) and Mercox®, described as being 'a modified 
acrylic resin' (Ladd Research Industries, Burlington, VT, USA) both fit these criteria. 
Our own experience with vascular casting (Figure 5.1 ), and reports from the literature, 
have shown the these resins have the required properties to create arterial and venous 
vascular casts from various structures, including avian salt gland and eye 62, tooth 
0 149 h "11 f 0 1 ° 57 d 1 ° 1 151 eruptiOn , uman max1 o aCia vems , an rat pu monary m1crovascu ature . 
In this chapter, resin vascular casting of the superficial venous systems has been 
used in order to investigate the distribution and arrangement of microvenous valves 
within the smallest of the superficial veins of the human lower limb. 
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Figure 5.1 Gross and SEM examples of vascular casts of various tissues. All of these 
examples were created in out laboratory using Batson® # 17 vascular casting resin. 
A. Lung 
C. Pig kidney 
E. Pig parotid gland 
G. Sheep face with upper and lower eyelids 
I. Pig brain cast within the cranial vault 
B. SEM of lung 
D. SEM of kidney showing glomerulus 
F. SEM of parotid gland 
H. SEM of specimen 'G' showing venous valves 




5.2 Materials and Methods. 
5.2.1 Biodur E2/E20 resin. 
While Biodur resin had not been reported in the literature to have been used to 
create casts of the microvasculature, it has been used previously by our laboratory to 
cast larger vessels 152. Therefore, it was decided to experiment with the use of Biodur 
resin due to its local availability, low cost, low viscosity, and local expertise with the 
use of this product. 
One lower limb (male; 65 years). was prepared using Biodur resin (Biodur; 
Rathausstrasse 18, 69126 Heidelberg, Germany) as the casting medium. The Biodur 
resin was mixed freshly prior to injection from a 1:2:2 mixture of E2 resin, E20 resin 
and acetone respectively. The Biodur resin was coloured, as required. 
The resin perfused the tissue well, and passed through the capillary beds to the 
venous system, as evidenced by the presence of resin in the major veins of the 
proximal end of the limb, and capillaries seen by SEM. Moreover, venous valves were 
identifiable in both the large and small veins by SEM. 
However, Biodur resin did have some drawbacks. Following tissue excision and 
maceration (Sections 5.2.3 and 5.2.4), it was found that the Biodur resin gave 
imperfect results at the SEM level. It was found that the surface of the resin did not 
contain the endothelial cell impressions from the lumen of the blood vessel that had 
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been noted in the literature from the use of other resins 57' 59 . Another drawback of the 
Biodur resin was its fragility. Slight lateral pressure on the Biodur resin, either before 
of after maceration, led to breakages in the resin. This resulted in a fragmented 
vascular cast following maceration. This fragmentation significantly increased the 
time and care required when preparing the resin for viewing - in particular during the 
changing of the maceration solutions and mounting for SEM. 
Because of these findings, it was decided that an alternate resin should be 
investigated. After further consultation with the relevant literature and people with 
experience in the field of vascular casing, it was decided to change to Batson #17 
anatomical casting resin, a resin with proven high performance in the area of 








Figure 5.2 Examples of the appearance of Biodur vascular casts viewed by SEM. 
While venous valves were identified from the Biodur vascular casts (large white arrows), the 
general quality of the surface of the casts was poor, with many cracks and artefacts present on the 
cast (small black arrows) . In some areas, the impressions of endothelial cell nuclei were visible (A, 
arrowheads), although thi s was very rare. Generally, the surface of the cast was relatively rough, 
with many artefacts (B and C). Scale bars= 50~-tm (A and B) and 20~-tm (C). 
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5.2.2 Batson® #17 anatomical casting kit. 
Five limbs from five cadavers (three males, two females; 59-92 years) were 
processed for vascular casting using Batson #17 anatomical casting kit (PolySciences 
Inc., Warrington, PA 18976, USA). Following standard formalin fixation of each 
cadaver (Appendix 1), the left lower limb of each cadaver was removed at the level of 
the mid thigh, and a stainless steel cannula inserted into the femoral artery. The limbs 
were flushed with approximately 20 litres of saline from a gravity-feed source at 1.5 
meters elevation. The limb was perfused with saline and massaged until any residual 
blood was removed from the limb. The stainless steel cannula was then replaced with 
a disposable 14G plastic cannula, also placed within the femoral artery. Once the limb 
and all required equipment was prepared, Batson #17 vascular casting resin was 
freshly mixed according to the manufacturers recommendations. The Batson #17 resin 
was mixed in two glass beakers, each beaker contained half of the monomer. The 
catalyst solution was added to one of the beakers, while the promoter solution and 
colour was added to the other beaker. The resin will not start to polymerise until the 
contents of the two beakers are mixed since polymerisation requires all three 
components - base solution, catalyst, and promoter. Once the three components of the 
resin were mixed, there was working time of approximately 20-30 minutes. After this 
time the resin becomes too viscous to be injected. 
Immediately prior to injection, the Batson #17 resin was mixed and left to stand for 
approximately five minutes to allow any very small air bubbles trapped in the resin to 
rise to the surface. 
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The resin was drawn-up into a disposable plastic syringe that was subsequently 
attached to the cannula in the femoral artery. Resin was injected into the femoral 
artery at a slow rate (approximately lOml/min). As the perfusion continued, resin 
appeared in the large and small vessels at the proximal end of the limb as this 
occurred the resin filled vessels were clamped to allow the pressure within the 
vascular system to increase and facilitated a more complete vascular cast. 
Resin injection was considered to be complete once resin was present throughout 
the deep and superficial vessels at the proximal end of the limb, and, upon massaging 
the limb, no further embalming fluid was expelled from the undamped large veins at 
the proximal end of the limb. This was also associated with a subjective increase in 
the force required to inject the resin into the femoral artery. 
The limb was covered with cool damp cloths, and left undisturbed for at least four 
hours to allow the resin to polymerise. 
5.2.3 Tissue sampling. 
From each of the limbs used for vascular casting, tissue samples were excised from 
four predefined regions: gaiter, lower calf, mid calf, and upper calf (Figure 5.3). In 
order to define the regions the leg was marked into four sections, between the 
malleolar line (between the medial and lateral malleoli) and the epicondylar line 
(between the medial and lateral epicondyles) using a permanent marker. In the middle 
of each of these regions, on the medial side of the leg, the specific sites of the tissue to 
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be excised were marked. From each of the regions, four adjacent tissue samples were 
excised (Figure 5.3). The individual tissue samples were 20x20mm in surface area, 
and included skin and subcutaneous tissue down to, but not including, the deep fascia. 
Therefore, a total of 16 tissue samples were removed from each limb, four samples 
from each of the four regions examined. The thickness of each tissue sample was 
measured when the sample was excised, so that the volume of the tissue sample could 
be estimated. 
5.2.4 Tissue Maceration. 
Following excision, each tissue specimens was placed in a glass beaker of distilled 
water in a 50°C oven overnight. This had a double purpose, firstly it assisted the final 
polymerisation stage of the resin, and secondly, it accelerated the maceration process. 
Once the resin was fully polymerised, the water was carefully removed. The beakers 
were filled with freshly mixed 15% NaOH (w/v; Sigma, St. Louis, USA) and returned 
to the 50°C oven. Each sample underwent alternate 12 hour washes in 50°C 15% 
NaOH and 50°C distilled water until the tissue was completely macerated, leaving 
nothing but the resin cast of the vasculature. Once maceration was completed, the 
vascular cast was washed in a mild detergent (10%w/v; Decon-90, Bacto Laboratories 
Pty Ltd; PO Box 295, Liverpool, NSW, Australia 2170) at 50°C for 24 hours. Finally, 
the resin cast was rinsed at least three times in distilled water. The clean, fully 
macerated vascular cast was removed from the beaker using very fine forceps, and 
placed on filter paper in a clean, dry beaker to allow the cast to completely air-dry for 
at least 24 hours. The resin vascular cast was then prepared for viewing using a light 















Figure 5.3 Diagram of the regions that tissue samples, including the resin vascular 
cast, were removed from for examination by light microscopy and scanning electron 
rmcroscopy. 
Limbs used for vascular casting had tissue samples removed from four regions- gaiter, lower calf, 
mid calf, and upper calf. Each region had four tissue samples excised, each sample being 2cm x 
2cm in surface area. Therefore, from each limb 16 tissue samples were excised, totalling 64cm2• All 
tissue samples included epidermis, dermis, and all subcutaneous tissue down to, but not including, 
the deep fascia . 
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5.2.5 Light microscopy of the vascular casts. 
Prior to examination of the casts by SEM, vascular casts were viewed and 
photographed by light microscopy, using a Leica MZ8 dissection microscope (Leica 
Microsystems AG, Ernst-Leitz-Strasse 17-37, Wetzlar, 35578, Germany). The clean 
and dry vascular casts were placed in clear plastic Petri dishes and examined under 
the dissection microscope at up to 5.0x magnification. The general quality of the 
vascular casts, in terms of filling artefact and presence of venous valves in the larger 
veins, was observed. 
Images of the vascular casts were collected via a Leica MZ8 dissecting microscope 
on the Leica MPS30 camera system, using Kodiak colour slide film. Images were also 
recorded using a Nikon Coolpix 990 digital camera. 
5.2.6 Scanning Electron Microscopy Preparation and Viewing. 
Vascular casts were attached to large stainless steel specimen stubs using carbon 
tape (Figure 5.4). The casts were then sputter coated with gold/palladium for 120 
seconds (BioRad SEM Sputter Coating System, Hercules, CA 94547, USA). The 
vascular casts were examined on a Cambridge S360 SEM, at lOkV and a working 
distance of 15mm. The working distance could be reduced to assist in taking higher-
resolution images as required. 
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Identification of venous valves. 
Venous valves were identified in the vascular casts by the cleft impression left in 
the resin by the valvular cusps, as previously shown by Miyake et al. (1996) and 
Aharinejad et al. (1997 and 1998). 
Vascular casts from the superficial tissue lacked supporting structure and thus 
tended to be rather fragile. In practice, it was often not possible to obtain a single 
complete vascular cast for the tissue sample. In many cases, the cast became disrupted 
around the venous valves due to the small amount of resin that may pass between the 
valve cusps. This was confirmed in large veins by creating vascular casts of the GSV 
where a valve was known to be present. Following maceration the cast of the valve 
was then intentionally broken and the appearance of the broken valve noted (Figure 
5.5). When the proximal and distal segments of a valve are separated, the venous 
valve can be recognized either by the proximal cast of venous valve sinus, or distal 
'V -shape' cast of the lumen (Figure 5.6). In order to avoid double counting, only the 
casts of the full venous valve, or the proximal venous valve sinus were counted. 
Where obvious endothelial cell impressions were seen, the shape and arrangement 
of the cells was noted. Where possible the arrangement of the endothelium was 
compared between four areas, this included both sides of the valve cusp, the valve 
sinus, and the vein wall not associated with a valve (Figure 5.7). 
It could be confirmed that these were in fact venous valves, as opposed to 
lymphatic valves, by the presence of red blood cell impressions on the surface of the 




Figure 5.4 Light microscope image of a vascular cast. 
A. A vascular cast following maceration viewed using a dissection microscope. Scale bar = 5mm. 
B. Another vascular cast (arrows) after being mounted on a stainless steel SEM pin. The cast is 








Figure 5.5 Example of an intentionally broken valve from the GSV. 
When the cast of a valve was broken, the valve formed two distinct pieces - the proximal (A) and 
the distal (B) portions of the valve. In this example the cast has not broken cleanly, with the tip of 
the distal part of the valve remaining with the proximal part of the cast (asterisk), this was rarely 








Figure 5.6 Schematic and SEM examples of the appearance of venous valves as 
identified by vascular casting. 
A venous valve may be identified as a full valve cast (A and D), or the valve may become separated 














Figure 5.7 Schematic diagram indicating the locations at which the endothelial cell 
arrangement were assessed. 
a. Vein wall away from a venous valve. 
b. Vein wall within the valvular sinus. 
c. The sinus surface of the valve cusp. 








Figure 5.8 Scanning electron micrograph showing the impression of red blood cells. 
Note the circular outer rim of the bi-concave shape (arrows) on the surface of the vascular casts by 
the presence of red blood cells within the lumen of the vessel. Scale bar= 1 O!J.m . 
Measuring sinus height and venous diameter. 
When each valve was identified using SEM, two measurements were made to 
quantify aspects of the morphology of the valve. Firstly, the diameter of the vein 
immediately proximal to the valve was measured using the 'point-point' digital tool 
on the SEM interface (Figure 5.9). Secondly, the height of the valve sinus was 
measured. The sinus was measured from the most distal to the most proximal points 
of the valve cusp impressions (Figure 5.9). 
While these measurements were made as accurately as possible, there was an 
element of estimation due to slight depth of field distortion caused by the SEM, in 
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particular for the measurement of the valve sinus height. In an attempt to control this 
estimation by only measuring the valve sinus height when the vein was lying parallel 
to the SEM specimen stub, where the vein was angle either toward of away from the 
stub the sinus height was not measured because this would result in an under-
estimation of the sinus height. 
Identifying the association with tributaries. 
Once a venous valve was identified and the sinus height and vein diameter 
measured, the association of the valve to a tributary was assessed. The valve was 
defined as associated with a tributary if the proximal edge of the valve cusp was 
within the equivalent distance as the sinus height of the valve (Figure 5.10). If the 






Figure 5.9 Schematic diagram indicating where the valve sinus height (SH) and vein 
diameter (D) were measured. 
The sinus height of the valve was measured from the most distal to the most proximal extent of the 
cusp. The diameter of the vein associated with the valve was measured immediately proximal to 
the valve. 
Stereology of the distribution of vessels cast. 
The size distribution of the vascular casts was estimated using a line intersection 
stereological technique 156. A transparent sheet with systematic wavy lines was placed 
on a scanning electron micrograph at a random angle from 0° to 90°, which was 
chosen using a random number generator (Figure 5.11). At all intersects between the 
random-systematic lines and a resin cast the diameter of the vessels were measured. 
At least 100 intersects were measured per sample to give an accurate estimation of the 
distribution of vessel sizes in the sample. 
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Other than the presence of venous valves, it was difficult to identify the vascular 
casts as either arterial or venous, particularly when the smaller vessels were examined. 
Therefore, it was not possible to estimate the actual venous density within the tissues 
investigated. Instead, vascular density was used as a measure of the number of blood 
vessels cast within the sampled tissue. 
Vessels were classified in 50!J.m size brackets. That is, vessels were identified as a 
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Figure 5.10 Schematic diagram of the criterion by which valves were defined as 
associated with tributary, or not associated with tributary. 
Valves were assigned as being associated, or not, with tributaries based on the sinus height (SH) of 
the valve. If a valve was within one sinus height of the orifice of a tributary then the valve was 
defined as being associated with a tributary (A). Conversely, if no tributaries were present within 










Figure 5.11 An example of the stereology counting grid used for quantifying the 
density of the vascular casts. 
From each tissue sample a montage of scanning electron micrographs was created that covered the 
entire stub. A transparent sheet with random systematic wavy lines was placed over the montage, 
and at each intersect between the vascular cast and the random systematic lines the diameter of the 
vascular cast was measured to give an estimation of the density and size distribution of vessels cast 
from the sampled tissue. In this example, the systematic lines are orientated at 0°. 
145 
5.2.7 Histology of tissue perfused with Batson #17 vascular casting resin. 
In addition to the tissue specimens excised for the SEM investigation, tissue 
specimens were also excised from the mid calf and gaiter regions from three limbs 
(two males, one female, 59-87 years old). The limbs that were used for histological 
examination were the same legs that had tissue removed earlier for vascular casting. 
This provided the opportunity to view tissue adjacent to the vascular casts by 
histology to examine the distribution of the vascular casting resin within the tissue. 
Tissue samples approximately 1 Ox5mm in surface area and the entire thickness of 
the superficial tissue, including the deep fascia were removed from the limbs. Due to 
the relatively large size of these tissue blocks, an extended glycolmethacrylate (GMA) 
embedding protocol was used (Appendix 2). 2!J.m thick sections were cut, and stained 
with haematoxylin and eosin. Each tissue section was then examined by light 
microscopy (Olympus Provis AX70), and digital images of the entire tissue thickness 
were collected using a Spot RT colour digital camera (Diagnostic Instruments, 
Sterling Heights, MI 48314, USA). 
Off-line, the digital images were reconstructed to form a single image of the entire 
thickness of the subcutaneous tissue. The images of the tissue were then divided into 
areas that corresponded to a tissue thickness of 500!J.m, which was measured from the 
superficial surface of the epidermis (Figure 5.12). A stereological counting grid was 
then placed on each 500!J.m area to quantify the number, diameter, and proportion of 
resin-filled to unfilled vessels (Figure 5.12). Each counting grid was 500!J.m high and 
1000!J.m wide; therefore occupying a surface area of 0.5mm2, when the thickness of 
the tissue was accounted for (2!J.m) each counting grid covered 0.001mm3 of tissue. A 
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vessel was defined as being 'resin-filled' if any of the vascular casting resin was 
identified in the lumen of the vessel. 
Figure 5.12 An example of a reconstruction of several light micrographs of resin 
perfused superficial tissue, overlaid with stereological counting grids. 
The tissue was divided into 500!-tm depths, and a stereological counting grid placed within each 
500!-tm area. The counting grids included exclusion (solid lines) and inclusion (dashed lines) 
margins. If a vessel touched in exclusion line, it was not counted, whereas if a vessel touched an 
inclusion line it was counted. This avoided double counting of vessels that were present in more 
than one grid (asterisk). Scale bar= 200!-tm. 
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5.3 Results. 
5.3.1 Issues related to the quality of vascular casting. 
Before the quantitative findings from the vascular casting are described, it was 
important to determine the anatomical distribution of the resin filled vessels within the 
tissue. Specifically, it was important to know whether the resin was present in the 
dermis and if the percentage of filled vessels varied between the regions of the leg. 
Histology of the resin perfused superficial tissue of the leg revealed that the major 
proportion of the vascular casting resin was present within the vessels of the 
hypodermis, and relatively little resin was within the vessels of the dermis (Figure 
5.13). Of the vessels identified by histology, 44.6%±8.4 of the vessels within the 
hypodermis contained resin, whereas only 15.7%±8.3 of the dermal vessels contained 
resin. The limited amount of resin within the dermis was generally present within the 
deeper areas of the dermis, most likely those vessels referred to in the literature as the 
reticular plexus (Figure 5.14). The proportion of vessels filled with vascular casting 
resin was not different between the regions of the leg examined (Table 5.1), although 
the number of vessels identified in the gaiter region was significantly greater than the 
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Figure 5.13 Histological evaluation of the distribution of resin filled vessels within the 
depth of the subcutaneous tissue. 
The graph shows the total number of vessels quantified as having resin present within their lumen, 
or not. This data is from total from six tissue samples (one gaiter and one mid calf sample from 
each of three cadavers) . The approximate level of the dermal-hypodermal junction is identified by 
the vertical dashed line. 
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Figure 5.14 Light micrographs of 2!!m thick histology sections of subcutaneous tissue 
following the perfusion of the vascular casting resin. 
A. A montage image created from several 20x magnification images of the subcutaneous tissue 
from the mid calf region. The major anatomical structures of the subcutaneous tissue are 
labelled. Scale bar = 500ftm. 
B. A montage image created from several 20x magnification images of the subcutaneous tissue 
from the gaiter region. The major anatomical structures of the subcutaneous tissue are labelled. 
Scale bar = 500ftm. 
C. A higher magnification micrograph of the most superficial area of the dermis. Resin-filled 
vessels (arrows) appeared either bright pink or blue. This difference in the colour of the resin 
is most likely due to the quantity of blue colour particles within that part of the resin. 
Examples of unfilled vessels are indicated with arrowheads. Scale bar= 1 OOftm. 
D. A higher magnification micrograph of the dermal-hypodermal junction showing resin-filled 
(arrows) and unfilled vessels (arrowheads). Note the large diameter resin- filled vessel present 
within the most superficial part of the hypodermis. The dark lines radiating from the large 
resin-filled vessel are artefact caused by tissue folds due to sectioning of the resin. Scale bar= 
lOOftm. 
E. Resin-filled (arrows) and unfilled vessels (arrowheads) within the hypodermis of the leg. 




Table 5.1 Percentage of resin-filled vessels from the dermis and hypodermis of the 
mid calf (MC) and gaiter (G) tissue samples examined. 
Mid calf MC1 MC2 MC3 Mean±SD 
Total number of vessels 19 17 23 19.7±3.1 
U) 
"§ Number of resin-filled vessels 1 3 5 3.0±2.0 .... 
I!) 
a 
Percentage filled (%) 5 18 22 14.9±8.6 
--~~----~~-~--~~ 
Total number of vessels 13 31 32 25.3±10.7 
U) 
"§ 




;>-, Percentage filled (%) 31 52 53 45.2±12.5 :r:: 
Gaiter G 1 G2 G3 Mean±SD 
Total number of vessels 27 26 33 28.7±3.8 
U) 





Percentage filled(%) 7 27 15 16.5±9.8 
-··-·····-~-----------·-------- ···----~~-----~~---·---~~----~~-~--------··-·-· 
Total number ofvessels 22 49 38 36.3±1 
.g Number of resin-filled vessels 9 24 16 16.3±7.5 
0 
0.. 
£ Percentage filled(%) 41 49 42 44.0±4.4 
5.3.2 Size distribution of microvenous valves. 
Vascular casting of the superficial vasculature of six lower limbs confirms the 
previous finding from other techniques that venous valves are present in the smallest 
of the superficial veins of the leg. Vascular casting has made it possible for venous 
valves to be identified and quantified in veins as small as 18[!m in diameter (Figure 
5.15). 
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Valves were most frequently identified in the smaller of the veins viewed by 
vascular casting, with valves at the highest prevalence in the <50[-lm diameter range 
(Figure 5.16). From the tissues examined, 66% of the venous valves were present in 
veins <100[-lm in diameter, with 95% of the valves in veins <300[-lm. The distribution 
of the valves identified according to the diameters of the veins in which they were 
present is shown in Figure 5.16. The distribution of those veins that contained valves 
was not different between the limbs investigated (Correlation coefficient, r=0.79-0.99) 
(Figure 5.17). 
Using stereology it was possible to quantify the frequency and diameter 
distribution of vessels present in the vascular casts. From the tissues sampled, 
45.9±27.3 vessel intersects/cm3 were identified (Table 5.2). It should be emphasised 
that this does not equate to 45.9 vessels/cm3 since the stereology technique used 
quantifies the number of intersects between a series of vertical wavy lines and the 
vascular cast. The distribution of the diameters of the vessels present in the excised 
tissue samples was not different between the individuals (Figure 5.18; Correlation 
coefficient, r > 0.99). The distribution of the diameters of cast vessels was found to 
correlate strongly with the distribution of diameters of veins that contained venous 
valves (Figure 5.19; Correlation coefficient, r=0.98). 
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Figure 5.15 Examples of venous valves viewed by SEM. 
A. Full cast of a venous valve present within a vein 374!1m in diameter. Scale bar= 20011m. 
B. Full cast of a venous valve present within a vein 224!1m in diameter. Scale bar= 50!1m. 
C. Proximal cast of a venous valve present within a vein 213!1m in diameter. Scale bar= 100!-tm. 
D. Proximal cast of a venous valve present within a vein 304!1m in diameter. Scale bar= 20011m. 
E. Full cast of a venous valve present within a vein 402!1m in diameter. Scale bar= 20011m. 
F. Proximal cast of a venous valve present within a vein 146!1m in diameter. Scale bar= 50!1m. 
G. Proximal cast of a venous valve present within a vein 179!1m in diameter. Scale bar = 1 OO!!m. 
H. Proximal cast of a venous valve present within a vein 360!1m in diameter. Scale bar= 20011m. 
I. Full cast of a venous valve present within a vein 22211m in diameter. Scale bar= 1 0011m. 
J. Proximal cast of a venous valve present within a vein 276!-tm in diameter. Scale bar= 200!-tm. 
K. Proximal cast of a venous valve present within a vein 95!1m in diameter. Scale bar = 50!1m. 
L. Proximal cast of a venous valve present within a vein 67!1m in diameter. Scale bar= 50!1m. 
M. Proximal cast of a venous valve present within a vein 83!1m in diameter. Scale bar= 1 0011m. 
N. Proximal cast of a venous valve present within a vein 12611m in diameter. Scale bar= 50!1m. 
0. Proximal cast of a venous valve present within a vein 121 11m in diameter. Scale bar = 1 0011m. 
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Figure 5.16 Distribution of the number of venous valves according to the vem 
diameter from the tissue samples examined from the six limbs processed for vascular 
casting. 
From each limb, four tissue samples were excised from each of the four predefined regions, thereby 
resulting in 16 specimens per limb. The data points for each limb were combined to give the total 
number of venous valves identified per vein diameter for each limb. The mean ± SD of the six 
limbs was then calculated and presented above. Data are presented as mean ± SD number of valves, 
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Figure 5.17 Distribution of percentage of valves contained within veins of different 
sizes from the tissue sampled from each of the limbs examined by vascular casting. 
From each limb, four tissue samples were excised from each of the four predefined regions, thereby 
resulting in 16 specimens per limb. For the purposes of this graph these data points for each limb 
were combined to give the total number of valves identified in each vein diameter for each limb. 
This was then converted into the percentage of valves in each vein diameter for each limb, so that 
the pattern of the size distribution of veins that contained venous valves could be compared 
between the individual limbs, irrespective of the total valve number between the limbs. 
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Table 5.2 Vessel intersects and density for each individual. 
The data represent the mean (±SD) for each individual limb, based on observations from the four regions per limb (each with vascular casts from four tissue samples 
examined per region), i.e. 16 tissue samples per limb. The 'mean± SD' column is the result of all the limbs combined. 
c.994 c.0040 c.OJ04 c.0037 c.0064 c.0082 
932±218 * 864±149 658±216 446±77 544±146 
TissM~ surfaclarea Ccm2) .... 16.0 16.0 16.0 16.0 16.0 16.0 
58.3±13.6 * 54.0±9.3 41.1±13.5 27.8±4.8 34.0±9.1 
15.7±3.3 * I 0.5±3.4 30.4±5.9 15.4±4.4 18.0±4.8 
,:45:9±27.~ ; 59.6±9.3 * 87.4±21.9 21.5±4.9 29.7±3.9 31.1±8.1 
*Vascular intersect data not available for c.0040 due to technical difficulties with the scanning electron microscope. 
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Figure 5.18 Vascular size distribution from each limb. 
The data represent the percentage of vessel intersect in each range of vessel diameters for each 
individual limb. This data is based on observations from the four regions per limb (each with 
vascular casts from four tissue samples examined per region), i.e. 16 tissue samples per limb. 
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Figure 5.19 Comparison of the distribution of diameters of veins that contained 
venous valves, and the diameters of all vessels filled with resin by the vascular casting 
procedure. 
This graph demonstrates the relative distribution of diameters of all vessels present within the 
vascular casts from all six limbs (vessel distribution) , and those veins that contained venous valves 
(valves distribution) . This shows that from the tissues sampled the diameter distribution of veins 
containing valves was equivalent to the total vessel diameter distribution (correlation coefficient, 
r=0.92). 
5.3.3 Density of venous valves per surface area and per volume of the tissue 
examined. 
From the tissue samples examined, venous valves were identified at a density of 
6.1±3.0 valves/cm2, based on the surface area of the examined tissue specimens 
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(Table 5.3). This corresponded to 6.4±3.8 valves/cm3 when the depth of the tissue 
samples was also included (Table 5.3). The vascular casting showed that the density 
of valves/cm2 was only suggestive of being significantly between individuals 
(ANOV A, p=0.081 ), while the density of valves/cm3 showed significant differences 
between the limbs examined (ANOV A, p=0.002; Scheffe post-hoc test, c.994-c.0037 
p=0.027, c.994-c.0082 p=0.038). Due to the low number of individuals, the statistical 
significance should be treated with caution. The difference in the density of valves per 
tissue volume from the vascular casting experiment could not be attributed to 
differences in the volume of the tissue examined between the limbs. The volumes of 
tissue examined from five of the six limbs processed for vascular casting were not 
different (ANOVA, p=0.19) (Table 5.3). However, the tissue volume examined from 
each of these five limbs was significantly less than that examined from c.0037 
(Scheffe post hoc test, p<0.002) (Table 5.3). 
The number of venous valves identified from the tissues examined may be 
expressed in terms of the density of vessels cast from that tissue sample (valves/vessel 
intersect). This measure of valve density is possibly more useful than valves/cm2 or 
valves/cm3, since it includes both the number of valves identified and an indirect 
measure of the proportion of vessels in which those valves were identified. This may 
be considered a 'functional' density of venous valves. From the tissues examined, 
0.12±0.04 valves/vessel intersect were identified. The density of valves/vessel 
intersect did not differ significantly between the individual limbs (ANOV A, p=0.16) 
(Table 5.3). 
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Table 5.3 Number and density of venous valves identified in the specimens from six limbs quantitatively evaluated by vascular casting. 
The data represent the mean (±SD) for each individual limb, based on observations from the four regions per limb (each with vascular casts from fo ur tissue samples 
examined per region), i.e. 16 tissue samples per limb. The 'mean± SD' column is the result of all the limbs combined. 
c.994 (F, 87) c.0040 (M, 65) c.0104 (M, 92) c.0037 (F, 86) c.0064 (M, 59) c.0082 (M, 72) 
183±112 119±68 90±45 72±28 64±39 54±40 
16.0 16.0 16.0 16.0 16.0 16.0 
11.5±7.0 7.5±4.3 5.6±2.8 4.5±1.8 4.0±2.5 3.4±2.5 
15.7±3.3 12.7±5.5 10.5±3.4 30.4±5.9 15.4±4.4 18.0±4.8 
11.4±6.4 8.9±1.7 8.9±3.1 2.4±0.4 4.0±1.4 2.8± 1.4 
932±218 ;~ 864±1 49 658±216 446±77 544±146 
58.3±13.6 * 54.0±9.3 41.1±13 .5 27.8±4.8 34.0±9.1 
59.6±9.3 :;:: 87.4±21.9 21.5±4.9 29.7±3.9 3 1. 1 ±8.1 
0.18±0.09 * 0.10±0.04 0.11±0.02 0.14±0.06 0.09±0.05 











5.3.4 Relationship between vein diameter and microvenous valve sinus height 
Vascular casting allowed indirect examination of the shape of the valve cusps by 
quantifying the height of the valve sinus in relation to the diameter of the vein in 
which the valve was present. From the venous valves identified, a ratio of sinus height 
to vein diameter of 0.64±0.09 (range = 0.40-0.94) was found (Figure 5.20). While this 
ratio differed between some individuals (Scheffe post hoc test, c.0064-c.0037 and 
c.0064-c.0104 p<0.05), the physical difference in the valve sinus height to diameter 
ratio was subtle and most likely attributed to individual variations between the valves 
and limbs (Table 5.4). 
The ratio of valve sinus height to venous diameter was consistent throughout veins 











Figure 5.20 Examples of venous valves viewed by SEM, with their diameter and 
valve sinus height measurements. 
Of all the valves identified, the sinus height of the venous valve could be quantified from 971 
valves. In order to be able to measure valve sinus height the profile of the valve was required to be 
visible, with both valve cusps fully visualised. In each of the scanning electron micrographs, above, 
the sinus heights of the valves are identified by the dashed lines. 
A. Full cast of a venous valve with a valve sinus height of286~tm, present within a vein 374~tm in 
diameter (ratio of sinus height to venous diameter= 0.76). Scale bar= 200~tm. 
B. Full cast of a venous valve with a valve sinus height of 187~tm, present within a vein 224~tm in 
diameter (ratio of sinus height to venous diameter= 0.80). Scale bar= 50!J.m. 
C. Proximal cast of a venous valve with a valve sinus height of 180!J.m, present within a vein 
213~tm in diameter (ratio of sinus height to venous diameter= 0.85). Scale bar= lOO~tm. 
D. Proximal cast of a venous valve with a valve sinus height of 188!J.m, present within a vein 
304~tm in diameter (ratio of sinus height to venous diameter= 0.62). Scale bar= 200!J.m. 
E. Full cast of a venous valve with a valve sinus height of 298t.tm, present within a vein 402~tm in 
diameter (ratio of sinus height to venous diameter= 0.74). Scale bar= 200!J.m. 
F. Proximal cast of a venous valve present within a vein 146~tm in diameter. This valve is an 
example of a valve from which the sinus height of the valve could not be measured because the 
extent of the valve sinus can not be identified. Scale bar= 50~tm. 
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Table 5.4 Ratio of valve sinus height to venous diameter of the venous valves identified by SEM of vascular casts. 








Table 5.5 Ratio of valve sinus height to venous diameter for veins of different sizes. 
Sinus height I diameter Number of valves 
0-99 0.65±0. 10 548 
100-199 0.63±0.09 262 
200-299 0.64±0.07 94 
300-999 0.64±0.08 58 
1000+ 0.66±0.1 2 9 



























5.3.5 Relationship between microvenous valves and tributaries. 
Over 60% of the venous valves identified by vascular casting were defined as 
being associated with tributaries (Table 5.6 and Figure 5.21). The percentage of 
valves associated to tributaries did not differ significantly between the individuals 
(ANOVA, p=O.lO) (Table 5.6). 
The ratio of valve sinus height to venous diameter did not differ between those 
valves that were associated with tributaries and those located away from tributaries 
(unpaired t-test, p=0.22) (Table 5.7). 
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Table 5.6 Percentage of venous valves that were defined as being associated with tributaries from SEM of vascular casts of the superficial veins 
of the lower legs of six cadavers. 
The data are presented as the mean ± SD density of venous valves (valves/cm2) for each of the limbs examined. These means are the average valves/cm2 from the fo ur 
regions investigated per limb. The percentages were calculated for each region of each limb, and then the mean and standard deviations were calculated from these data 
for each limb. The 'mean± SD' column is for the six limbs combined. 
























Table 5.7 Differences in ratio of valve sinus height to venous diameter between valves associated with tributaries and valves not associated with 
tributaries. 
Number of valves 
Ratio of sinus height/vein diameter 
Associated with tributaries 
588 
0.63±0.09 











Figure 5.21 Scanning electron micrographs of vascular casts showing examples of the 
association between venous valves and tributaries. 
Valves were defined as being associated with a tributary if the orifice of the tributary was within 
one sinus height of the valve. In each micrograph, the actual sinus height of the valve is 
demonstrated by the dashed Jines , with the boundary of one sinus height either side of the valve 
highlighted by the dotted lines. 
A. Proximal cast of a valve that is associated with a tributary. This valve appears to be present 
well within the orifice of the smaller tributary . Scale bar= lOO!J.m. 
B. Full cast of a valve that is associated with a tributary. This valve appears to be present within 
main axial vein, immediately distal to a smaller tributary. Scale bar= 200!J.m. 
C. Full cast of a valve that is not associated with a tributary. This valve is more than one sinus 
height from the orifice of a tributary. Scale bar= I OO!J.m. 
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5.3.6 Valve frequency between regions of the lower limb. 
The density of venous valves between the regions of the leg was of interest in this 
investigation due to the known specific regional distribution of venous ulcers, 
whereby venous ulcers are most commonly located in the gaiter region of the leg. 
The density of microvenous valves per unit area was significantly lower in the 
gaiter region when compared to the mid and upper calf (Mann-Whitney U test, 
p=0.004), and when the lower calf was compared to the upper calf (Mann-Whitney U 
test, p=0.025) (Figure 5.22 and Table 5.8). 
When the vessel intersect data was compared between the regions, a significant 
difference was identified between the gaiter and upper calf when the number of 
intersects, and vessel intersects/cm2 between the regions were compared (Mann-
Whitney U test, p=0.028) (Table 5.9). However, this difference was lost when the 
number of vessel intersects was corrected for tissue volume (Mann-Whitney U test, 
p=0.602) (Table 5.9). 
Importantly, significant regional differences were maintained when the density of 
valves per vessel intersect was considered between the regions of the leg. Significant 
differences were present between the gaiter region and both the mid calf and upper 
calf regions (Mann-Whitney U test, p=0.009) and approached significance between 
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Figure 5.22 Regional distribution of microvenous valves by unit area. 
The mean± SD density of venous valves per unit area for each of the regions was calculated from 
the mean valves per unit area from each of the limbs (which was the mean of the four tissue 
samples per region for each limb). Significantly fewer valves/cm2 were identified in the gaiter 
region when compared to the mid and upper calf regions (Mann-Whitney U test, p<0.004). 
The distribution of valves according to the diameter of the veins was found to 
correlate strongly between the regions (correlation coefficient, r=0.95-0.99) . Within 
each of the regions of the leg, the majority of the valves were present in the smallest 
veins, with the greatest prevalence of venous valves was within those veins <50f,.lm in 
diameter (Figure 5.24). 
Neither the ratio of valve sinus height over vein diameter (Kruskal-Wallis test, 
p=0.3657; Table 5.11), nor the association between venous valves and tributaries 
(Kruskal-Wallis test, p=0.4813; Table 5.12), was found to differ between the regions 
of the lower leg. 
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Table 5.8 Number and density of venous valves identified in the specimens from the four regions examined from the six limbs quantitatively 
evaluated by vascular casting. 
The data represent the mean (±SD) for each region of each individual limb. The data collected from each of the four regions is from the examination of four tissue 
samples (Figure 5.3). Each surface area of each tissue sample was 4cm2, with four tissue samples examined per region for each limb. Tissue samples included all 
superficial tissue, down to, but not including, the deep fascia. The 'mean ± SD' column is the average of the means of the individuals. 
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c.994 (F, 87) c.0040 (M, 65) c.O I04 (M, 92) c.0037 (F. 86) c.0064 (M, 59) c.0082 (M, 72) 
65.8±7.5 49.3±5.6 30.0±10.7 25.3±3.4 29.0±6.1 27.5±6.9 
16.4±1.9 12.3±1.4 7.5±2.7 6.3±0.9 7.3±1.5 6.9±1 .7 
5.0±0.8 4.8±0.3 3.3±1. 1 9.8±1.0 5.2±0.3 5.2± 1.1 
13.7±4.2 I 0.3 ±0.9 10.4±6.0 2.6±0.2 5.6± 1.4 4.8±0.8 
7 1.8±9.5 37.5±4.0 33.5±9.2 19.3±4.4 17.3±12.0 14.5±1.3 
17.9±2.4 9.4±1.0 8.4±2.3 4.8± 1.1 4.3±3.0 3.6±0. 3 
3.8±0.5 3.6±0.3 2.7±0.1 6.9±0.8 3.9±0.5 5.2±0.9 
19.0±3.8 I 0.5± 1.7 12.5±3.8 2.9±0.9 4.7±3.5 2.8±0.5 
33.8±15.1 22.0±3.7 17.0±4.3 18.8±1.5 11.3±4.2 6.0±0.8 
8.4±3.8 5.5±0.9 4.3 ±1.1 4.7±0.4 2.8±1.0 1.5±0.2 
3.9±0.5 2.8±0.3 3.2±0.3 6.7±0.2 3.8±0.5 4.1±0.8 
8.6±3.6 7.9±1.0 5.4±1.5 2.8±0.2 3.0±1 .2 1.5±0.2 
12.0±3.9 I 0.5±2.7 9.3±2.5 8.3±1.9 6.3±1.7 6.3±3.3 
3.0±1.0 2.6±0.7 2.3±0.6 2.1±0.5 1.6±0.4 1.6±0.8 
3.0±0.4 1.5±0.2 1.4±0.4 7.0±0.7 2.5±0.7 3.0±0.2 
4.2±2.0 7.0±1.6 7.3±3.7 1.2±0.3 2.6±0.9 2.1 ±1.2 
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Table 5.9 Vessel intersect data for each of the regions examined. 
c.994 (F, 87) c.0040 (M, 65) c.Ol04 (M, 92) c.0037 (F, 86) c.0064 (M, 59) c.0082 (M, 72) 
288±67 * 228±50 232±37 135±31 185±34 
72.0±16.8 * 57. 1±12.4 57.9±9.2 33.8±7.7 46.1±8.5 
5.0±0.8 * 3.3±1.1 9.8±1.0 5.2±0.3 5.2± 1. 1 
59.5±19.2 * 78.0±32.1 24.1 ±5.6 26.3±7.5 32.4± 1.8 
272±40 * 250±20 147±28 115±39 138±17 
67.9± 10.1 * 62.4±5.0 36.6±6.9 . 28.6±9.8 34.4±4.2 
3.8±0.5 * 2.7±0. 1 6.9±0.8 3.9±0.5 5.2±0.9 
73. 1±20.3 * 92.7±9.2 21.5±5.3 30.4± 12.9 27.2±6.3 
189±28 * 223±39 177±17 108±21 97±14 
47.3±6.9 * 55.6±9.7 44. 1±4.2 27.0±3.5 24.2±3.5 
3.9±0.5 * 3.2±0.3 6.7±0.2 3,8±0.5 4.1±0.8 
49.1 ±9.6 * 7 1.2±14.4 26.3±2.4 28.8±6.6 24. 1±4.2 
184±42 * 163±34 104±9 88±13 126±19 
45.9±10.4 * 40.8±8.5 25.9±2.4 22.0±3.3 31.4±4.7 
3.0±0.4 * 1.4±0.4 7.0±0.7 2.5±0.7 3.0±0.2 
v e~~'eFi n te;~~cts/ctri3£. 
' .=·:t-
56':.5±42.9 6 1.7±13.8 * 127.2±49.0 14.9±2.2 36.6±7.2 41.9±6.2 
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Figure 5.23 Regional density of valves per vessel intersect. 
The mean ± SD valves per vessel intersect for each region was calculated from the valves per 
• 
vessel intersect for each of the five limbs from which the data was available (data was not available 
from c.0040) . The number of vessel intersects was quantified from the vascular cast of each tissue 
sample using stereology. Significantly fewer valves/vessel were identified in the gaiter region when 
compared to the mid and upper calf regions (Mann-Whitney U test, p<0.009). 
176 
) 
,_. I.) 10,1 1,. ;..; !,) ... i ...) 
Table 5.10 Valves/vessel intersect data for each region of each limb. 
c.994 (F, 87) c.0040 (M, 65) c.0104 (M, 92) c.0037 (F, 86) c.0064 (M, 59) c.0082 (M, 72) 
65 .8±7.5 49.3 ±5.6 30.0±10.7 25.3±3.4 29.0±6.1 27.5±6.9 
....., 
"; 
() 1\.T ~ ·--- 1- - - _£. ~,. ~;._.._ f .!_,;. _ ··------~- "' 1 A . ~"7 288±67 228±50 232±37 135±31 185±34 
0.23±0.04 0.14±0.05 0.11±0.04 0.22±0.07 0.15±0.02 
71.8±9.5 :n .5±4.o 33.5±9.2 19.3±4.4 17.3±12.0 14.5± 1.3 
272±40 250±20 147±28 115±39 138±17 
0.27±0.07 0. 13±0.04 0.13±0.01 0.14±0.06 0.1 1±0.0 1 
33.8± 15.1 22.0±3.7 17.0±4.3 18.8± 1.5 11 .3±4.2 6.0±0.8 
189±28 223±39 177±17 108±21 97± 14 
0.17±0.05 0.08±0.03 0.11±0.00 0.11±0.05 0.06±0.00 
12.0±3.9 I 0.5±2.7 9.3±2.5 8.3± 1.9 6.3±1.7 6.3±3.3 
184±42 163±34 104±9 88± 13 126± 19 
0.07±0.02 0.06±0.02 0.08±0.02 0.07±0.02 0.05±0.03 





































































[--+--- Gaiter - Lower calf Mid calf ~Upper calf ] 










The data represent the percentage of vessel intersect in each range of vessel diameters for each 
individual limb. This data is based on observations from the four regions per limb (each with 
vascular casts from four tissue samples examined per region) , i.e. 16 tissue samples per limb. 
Correlation coefficient, r=0.95-0.99. 
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Table 5.11 Regional comparisons in the ratio of valve sinus height to venous diameter. 
The ratio data represents the mean ± SD for each region, calculated from the mean values per unit 
area from each of the limbs (which was the mean of the four tissue samples per regions for each 
limb). The number of valves is lower than the total number of valves identified because the sinus 
height was not available from each valve identified. 
Region Number of valves Ratio 
Upper calf 326 0.64±0.10 
Mid calf 296 0.65±0.09 
Lower calf 196 0.65±0.09 
Gaiter 153 0.65±0.08 
Table 5.12 Regional comparisons in the association of venous valves and tributaries. 
The percentage data represents the mean ± SD for each region, calculated from the mean valves per 


















5.3. 7 Arrangement of the endothelium on the surface of microvenous valves. 
SEM of the vascular casts made it possible to examine the shape and arrangement 
of the endothelial cells lining the vascular casts. This is possible since the resin used 
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for the casting procedure is of a very high quality, thereby making is possible to 
identify the impression of the endothelial cell nuclei and cell boarders (Figure 5.25). 
In sections of blood vessel not associated with venous valves the endothelial cells 
were identified as having a fusiform shape, with their long axis lying in the direction 
of the long axis of the blood vessel (Figure 5.25A). Endothelial cells on the luminal 
(medial) and sinus (lateral) surfaces of the valve cusp were more polyhedral in shape, 







Figure 5.25 Examples of endothelial cell impressions on the resin casting material. 
Impressions of the endothelial cell nuclei (asterisks) and cell border impressions (arrowheads) are 
clearly visible on the surface of the resin. The direction of blood-flow was identified at a lower 
magnification, and is indicated by the arrow. Scale bar= 20 !-!ill. 
A. Vein wall not associated with a tributary or venous valve. 
B. Medial (luminal) surface of the venous valve cusp. 
C. Lateral (valve sinus) surface of the venous valve cusp. 
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5.4 Discussion. 
5.4.1 Limitations of the vascular casting technique. 
At the commencement of this study, vascular casting had been used in a small 




. These studies examined the vasculature of the skin of the dorsum of the thorax, 
face, and the ducking eye. 
From the literature, SEM of vascular casts may be considered the 'gold standard' 
for the examination of luminal structures of the microvasculature, such as venous 
valves. However, this investigation has identified some limitations to this technique. 
When the density of resin-filled vessels was examined by histology, it was obvious 
that vascular casting of the lower limbs had failed to fill all of the vessels present 
. within the tissue. In the hypodermis, approximately 45% of the vessels identified by 
histology had resin present within their lumen, while in the dermis, this fell to around 
20% of the vessels. The specific reason for this relatively poor filling is unclear, 
although there are a number of possibilities. The cadaveric tissue used in this study 
was all received at the Department of Anatomy and Structural Biology approximately 
8-18 hours of death. The cadavers were cannulated in the right femoral artery, flushed 
with buffered saline, and perfusion fixed with 10% NBF (as described in Appendix 2). 
During the flushing procedure the femoral veins was opened and significant amounts 
of thrombus were removed. Even though the cadavers were flushed and massaged 
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until the efflux from the femoral vein was clear of blood, it is likely that some blood 
or thrombi were still present within the tissue. This was identified on the vascular 
casts by the appearance of red blood cells and thrombi on the surface of the casts 
(Figure 5.8). It is known that formalin causes thrombus formation; therefore, any 
blood remaining within the tissue at the time of the formalin perfusion may form 
thrombi and inhibit the creating a full vascular cast. Formalin has also been implicated 
as having vasoconstrictor properties 157• 158. While formalin is unlikely to cause 
vasoconstriction in post-mortem tissue, the cross-linage of proteins that formalin 
causes in the fixation process is likely to make the vascular wall more rigid and 
decreased in diameter. 
The observation that the vessels of the dermis are less well perfused than the 
vessels of the hypodermis is possibly due to the fibrous nature of the dermis as 
opposed to the adiposity of the hypodermis. The fibrous tissue of the dermis is likely 
to place more pressure on the vasculature and resist dilation of the vessels during resin 
perfusion, when compared to the vessels within the adipose tissue of the hypodermis. 
This is likely to be exacerbated in formalin fixed tissue. In addition to this, the dermal 
circulation contains two points at which the resin may be 'short-circuited' - the 
reticular plexus and the arterio-venous anastomoses. At both of these points, the resin 
may preferentially fill the venous system due to the relatively greater diameter, 
thinner vessel walls, and therefore decreased resistance within the venous system. At 
the level of the reticular plexus, the resin is likely to be directed away from the more 
superficial vessels in the dermis, and toward the 'path of least resistance' in the 
hypodermis. Once the vessels of the hypodermis had filled to the point where the 
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'path of least resistance' is into the vessels of the dermis, the reticular plexus may be 
filled, thereby trapping the embalming fluid in the dermal vessels. 
Despite these possible variables in the resin perfusion, the distribution of the 
vascular casts between the regions of the leg was not different in the limbs examined. 
When histology was performed on tissue sections adjacent to the tissue excised for 
maceration and SEM examination, it showed that there were no significant differences 
in the number of resin-filled vessels, or the proportion of resin-filled vessels, between 
the mid calf and the gaiter regions of the limbs (Table 5.1). Similarly, when 
stereology was used to quantify the number and density of resin-filled vessels, no 
significant differences were identified between any of the regions of the limbs (Table 
5.9). These observations indicate that the quality of the resin perfusion, while not 
perfect, was equal between the regions of the limbs investigated. This provides more 
confidence that the regional differences in the distribution of venous valves identified 
by vascular casting are real differences, and are not created by regional differences in 
the quality of the resin perfusion. 
While histology of the resin-perfused tissue and stereology of the vascular casts 
have shown that the density of resin-filled vessels is not significantly different 
between the regions examined, it does not demonstrate which types of vessels are 
filled. For example, some tissue regions or individuals may have a greater proportion 
of veins filled with resin, thereby giving the appearance of a higher valve density. 
While it is relatively easy to identify the vascular casts of arteries from those of veins 
in the large vessels, differences between the casts of arteries and veins in the 
microvasculature were very subtle and difficult to identify. In many cases the main 
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feature that identified a microvessel as a vein, was the presence of a valve. Therefore, 
it was not possible to quantify the relative proportions of arterial and venous channels 
within the tissues examined. 
Another limitation of the vascular casting technique is that during the maceration 
process the casts lose their anatomical position and orientation. For example, it is 
known from the histology of the resin-perfused tissue that a proportion of the vascular 
casts are from vessels within the dermis. In addition, E12 sheet plastination has 
demonstrated that almost half of the venous valves identified were present in the most 
superficial part of the subcutaneous tissue. However, from the vascular casts in this 
study it is not possible to identify those vessels from a dermal origin as different from 
those in the hypodermis because all anatomic structure and orientation is lost. In order 
to isolate these sub-populations of vessels, the tissues would need to be macerated 
separately, for example, by physically separating the dermis and hypodermis prior to 
macerating the tissue. 
The final observed limitation of the vascular casting technique related to the use of 
SEM to examine the casts. At higher magnifications of the SEM (for example, when 
capturing images of very small diameter vessels) it was found that significant 
charging of the resin occurred, thereby leading to a build-up of electrons on the resin 
cast. While attempts were made to circumvent this problem, such as increased sputter 
coating time, the use of silver paste, copper bridges, and decreasing the SEM 
accelerating voltage, the resin charging still occurred. This limitation made it difficult 
to collect high quality micrographs of the smallest of the venous valves. 
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Only one paper was found that explicitly described some of the limitations of the 
vascular casting technique 159• However, Hossler and Douglas (2001) mainly focused 
on the limitations of quantitative methods that may be used when examining vascular 
casts. For example, quantitative studies of the size and orientation of the endothelial 
impressions, or capillary diameters and intercapillary distances, which may be 
effected by slight shrinkage or distortion of the resin during polymerisation, or by 
poorly perfused vascular beds. 
This thesis is the first study to have described these limitations with the vascular 
casting technique. It is likely that this is due to the size of the tissue being perfused. 
The majority of the studies in the literature that have used vascular casting to examine 
the vasculature have perfused the resin into relatively small tissues, such as the 
duckling head 59 , and tissue flaps from the dorsum of the thorax 3• 56. These smaller 
pieces of tissue allow much better control of the perfusion of the vasculature, and 
prevent the fluid trap that was present in the dermal vessels of the lower limb. In 
addition, the studies that have used vascular casting to examine animal tissue have 
complete control of pre-mortem anticoagulants. Indeed, smaller tissue samples 
processed during the course of this thesis, such as mice, kidneys, sheep face, and pig 
hearts have produced complete casts of very high quality (Figure 5.1). 
Only one other study in the literature has created vascular casts from large pieces 
of tissue 126. Aharinejad et al perfused vascular casting resin into the femoral artery of 
cadaveric lower limbs to make casts of the venous system. This paper made no 
mention of any limitations of perfusing resin into the limbs, or the quality of the 
resulting casts. In addition, no evidence or data was presented to demonstrate the 
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quality of the vascular casts. Other aspects of this paper will be discussed later in this 
chapter. 
Despite these limitations, vascular casting of the superficial vasculature has proven 
to be a valuable technique for the examination of the rnicrovenous valves. 
5.4.2 The microvenous valve. 
In spite of the problems and limitations of vascular casting described above, many 
venous valves were identified in the superficial tissue of the lower limbs examined. 
The limitations to the casting technique will most likely result in an underestimation 
of the number and density of venous valves. Therefore, the data presented in this 
study is valid, although an underestimation of the true valvular density. 
Using SEM to examine resin vascular casts of the superficial veins of the human 
leg, this study has demonstrated microvenous valves to be numerous in the smallest of 
the superficial veins - down to 18r.tm in diameter. This finding further supports the 
findings of the previous chapters in this thesis that also showed microvalves within 
the superficial veins, using different methodologies. 
The number and density (valves/cm2, /cm3, or /vessel intersect) of venous valves 
was found to differ between individual limbs. This difference in the frequency of 
venous valves could be due to the quality of the resin perfusion within each limb, as 
described in the previous section. Alternatively, however, the differences in the 
frequency of valves identified in the individuals may reflect the normal variation 
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within the population. This is an interesting possibility since it may be an indicator 
that some individuals are predisposed to microvenous disease due to their relatively 
low density of microvenous valves. This possibility will be further investigated and 
discussed in the next chapter. 
The data regarding the regional distribution of venous valves in the limbs supports 
the findings from the E12 sheet plastination study, that microvenous valves are of 
highest frequency in the more proximal regions of the lower leg. While each method 
of measuring the 'density' of valves within the regions of the limbs (total valve 
number, valves/cm2, valves/cm3, valves/vessel intersect) can be criticised, it is 
important that each of these measures demonstrates a very similar finding - that the 
more distal regions of the leg have fewer valves that the more proximal regions of the 
leg. These observations suggest that there may be a regional predisposition to 
microvenous disease in the gaiter region of the lower limb due to the relatively low 
density of venous valves. This possibility will be further discussed in Chapter 6 with 
reference to data from limbs with venous ulceration. 
During the course of this thesis a study was published that also used vascular 
casting to examine the distribution of microvenous valves in the superficial tissue of 
the human lower limb 126. Aharinejad and colleagues used essentially the same 
protocol as was used in this thesis for creating vascular casts of the lower limbs. 
Ahminejad et al (2001) cannulated the femoral artery from six normal male cadavers 
(60-90 years), flushed the limbs with 500ml of heparinised (5000IU/L) Ringers' 
solution, which was drained via the femoral vein, and then perfused the limb with 
200ml of Mercox CL-2B resin (Ladd Research Industries, Burlington, VT, USA). 
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Following polymerisation of the resin, tissue samples were excised and macerated in 
5% KOH at 40°C, rinsed in 5% formic acid and several changes of distilled water. 
The resulting casts were sputter-coated for 600 seconds, and examined by SEM. 
Aharinejad and colleagues excised subcutaneous tissue samples from ten sites on the 
lower leg and foot; Achilles' tendon, anterior tibia, medial malleolus, lateral malleolus, 
dorsum pedis, plantar, dorsum of the great toe, gastrocnemius, tibialis anterior, and 
peroneal. These specimens were of varying surface areas ranging from 24-700mm2, 
the authors make no mention of the volume of the tissue examined. While the authors 
state that six cadavers were used in this study, it is not clear whether one or both limbs 
are used from each cadaver. It is also not clear how the tissue was sampled because 
only five tissue samples were examined from most of the regions, with four samples 
examined from the dorsum of the great toe, and eight samples from the plantar surface 
of the foot. 
The density of venous valves identified in this investigation by Aharinejad et al 
(2001) was considerably lower than that found in this thesis (1.0±0.5 valves/cm2 vs. 
6.1±3.0 valves/cm2 respectively). They also showed a higher density of valves in the 
subcutaneous tissue described as 'overlying bone' (Achilles, anterior tibia, medial 
malleolus, lateral malleolus, dorsum of the foot, plantar of the foot, and dorsal of the 
great toe) than those regions 'overlying muscle' (gastrocnemius, tibialis anterior, and 
peroneal) (1.3±0.4 valves/cm2 vs. 0.4±0.2 valves/cm2 respectively; p<0.05). However, 
this grouping of the data is questionable, since it is difficult to define the Achilles area 
and the plantar side of the foot, as being situated 'over bone'. If the data from this 
paper are grouped into two general areas similar to those used in this thesis, calf 
(anterior tibia, gastrocnemius, tibialis anterior, and peroneal regions), and gaiter 
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(medial malleolus, lateral malleolus, and Achilles' regions), then the density of valves 
within these regions is very different to that shown in this thesis. Tissue samples from 
the 'calf' area contained 0.6±0.3 valves/cm2, and the 'gaiter' samples contained 
1.0±0.2 valves/cm2, considerably less than identified in this thesis (Section 5.3.6). 
However, these regional differences should be considered carefully due to the low 
number of valves identified in the study by Aharinejad and colleagues. 
The size distribution of the veins that contained valves in the study by Aharinejad 
et al (2001) were also very different from that found in this thesis, with approximately 
30% of the valves identified by Aharinejad et al present in veins less than IOO!!m in 
diameter, as opposed to the 65% of valves identified in this thesis (Figure 5.26). This 
difference was reflected by the higher percentage of valves identified in the other size 
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Figure 5.26 Comparison of the size distribution of vein that contained venous valves 
between this thesis and Aharinejad et al (2001). 
Vascular casting made it possible to indirectly assess the valves cusp morphology 
via the ratio of valve sinus height to venous diameter. While it was shown that the 
ratio of sinus height to venous diameter was statistically different between some of 
the individual limbs examined (Section 5.3.4), this is possible that this is due to a 
variation between individuals of the population. However, due to the small sample 
size in this study, no more can be made of this observation. In all other comparisons 
made, the ratio of sinus height to venous diameter was shown not to differ, this 
included comparisons between regions, valve association with tributaries, and the 
diameter of the vein; in all these cases the ratio of valve sinus height to vein diameter 
was approximately 0.65. 
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The ratio of valve sinus height to venous diameter identified in this thesis is very 
similar to that described by Hossler and West (1988). Hossler and West used SEM to 
examine venous valves from resin vascular casts of the ducking head 59. They found 
that in the duckling head the ratio of valve sinus height to venous diameter was 
0.62±0.17 (range 0.37 -0.88). This observation is further supported by another 
research project undertaken within the Section of Surgery, University of Otago. In this 
pilot study, the venous valves in the superficial veins of the pig hind limb were 
examined. It was found that in six-week-old healthy pigs (n=2 animals) the ratio of 
valve sinus height to venous diameter was 0.55±0.09 (n=19 valves; range 0.35-0.76). 
A recent study has published quite different data 3• 56 . Aharinejad and colleagues 
used vascular casting and SEM to examine venous valves from the superficial tissue 
overlying the scapula in human cadavers. From this investigation, they show that the 
ratio of valve sinus height to venous diameter is much lower than shown in other 
studies (Table 5.13). Aharinejad et al show a difference in the ratio of sinus height to 
venous diameter between veins of differing diameter, however they have not shown a 
statistical test of this data. It would appear unlikely that these data points would be 
significantly different, due to the relatively large standard deviations. 
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Table 5.13 Comparison of the ratio of valvular sinus height (SH) to associated venous 
diameter (D), between different areas of the body. 
This comparison is between valves from the superficial tissue of the thorax 3' 56 and valves from the 
superficial tissue of the leg (this thesis). Only valves less than 1 OOO!lm included. 
Aharinejad (1997 and 1998) 
Vein size Number of valves Ratio 
(!lm) (SH/D) 
30-120 537 0.29±0.46 
121-500 268 0.39±0.81 















Since the ratio of valve sinus height to vein diameter appeared highly conserved 
between venous valves of all locations, diameters, and species, it was of interest 
whether arterial valves also shared this feature, and if this may reflect a commonality 
in the valve function. Only one paper in the literature was found that described the 
ratio of sinus height to diameter for the valves from the aortic root 160. Jatene used 
cadaveric dissections of 100 non-diseased adult hearts to examine the shape of the left 
coronary, right coronary, and non-coronary aortic valves. This investigation showed 
the mean diameter of the aortic root of 21.8mm (the standard deviation was not given). 
The mean diameters of the left, right, and non-coronary valves were 15.2mm, 15.0mm, 
and 14.9mm respectively, therefore it can be calculated that the ratio of sinus height to 
vessel diameter for the aortic valve in 0.70, 0.69, and 0.68, for the left, right, and non-
coronary valves 160. This is very interesting since a valve in the aorta, 20mm in 
diameter, and under remarkably different physiological stresses and requirements, has 
a very similar ratio of valve sinus height to vessel diameter. This may indicate that 
some aspects of aortic and venous valve functioning are similar. No publications were 
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found that described the anatomical geometry of the other valves of the heart of great 
vessels. 
Another observation from this thesis that may also reflect the function of the 
microvenous valves is the orientation of the endothelial cells on the cusp surfaces. 
Several researchers have identified that the venous endothelial cells are arranged 
differently on the surfaces of the venous valve and the venous wall 43 ' 59' 161 _ From 
investigations on human large venous valves 43 , and duckling venous valves 59 , it has 
been shown that the endothelial cells on the venous wall and lumenal surface of the 
venous valve cusp are fusiform in shape and arranged longitudinally in the direction 
of blood flow. Conversely, the endothelial cells on the valve sinus surface of the 
venous valve cusp are more polyhedral in shape and arranged perpendicular to the 
direction of flow. It is generally accepted that this arrangement of the endothelium is 
due to the sheer stress placed upon the vessel wall due to the blood flow over the 
surfaces 161 -164. This study has shown that the endothelial cells on the venous wall not 
associated with a venous valve are fusiform and oriented longitudinally in the 
direction of flow, but on both the lumenal and valve sinus surfaces of the valve cusp 
the endothelial cells are polyhedral in shape with no obvious direction of alignment. 
This orientation of the endothelium may be due to the relatively slow, turbulent flow 
of blood over the venous valve surfaces in the human superficial venules and small 
veins. 
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5.4.3 The possible role for superficial microvenous valves. 
The ratio between valvular sinus height and vein diameter of approximately 0.65 is 
highly consistent through most of the studies of valve morphology - seemingly 
regardless of the vein diameter, association with tributary, location within the body, or 
species. This is a very interesting observation since it implies that the valve closure 
mechanism may also be very similar between these different locations and vein 
diameters, if the closure of the valve is related to the relative size of the valve cusp. 
This is particularly interesting for the valves in the smallest veins. It is most likely that 
valves in the very small veins have a very different role when compared to the valves 
in the large veins. It is widely stated that the role of venous valves in the large veins 
of the legs is to prevent the retrograde flow of blood in the veins caused by either 
haemodynamic stress (muscle pump activity), or due to the effect of gravity. In the 
small veins, these stresses are unlikely to be a factor since any retrograde pressure, or 
flow, will be prevented by the valves in the larger veins. Therefore, it is likely that 
valves in the small veins have quite a different role. It is possible that the role of the 
microvalves is one of maintenance of anterograde flow in the low pressure and low 
velocity venous system. 
Recently, Lurie et al. (2003) proposed a new concept for the role of venous valves 
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. Using ultrasound examination (conventional B-mode, B-flow mode, and colour 
Doppler) of venous valves from the GSV and superficial femoral veins of 20 healthy 
volunteers (10 male, 10 female; 18-52 years old), Lurie and colleagues demonstrate 
for the first time that retrograde flow, or even a decrease in anterograde flow, may not 
be the initial stimulus for valve closure. They demonstrate that venous valve cusps do 
not lie flat against the valve sinus wall during periods of anterograde flow. Instead, 
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the valve cusps were shown to 'float' in the lumen of the vein, therefore decreasing 
the diameter of the vein between the valve cusps. This decrease in diameter between 
the valve cusps causes an increase in the velocity of the blood passing through the 
valve (Table 5.14). According to Bernoulli's law, this increase in velocity will result 
in a decrease in the pressure on the luminal side of the cusp, therefore causing the 
valve cusps to move toward the middle of the lumen. As the cusps move, they cause 
the lumen of the vein (between the cusps) to become smaller and decrease the 
pressure on the luminal side further, thus initiating valve closure. Using this 
observation, the authors propose that the role of valve not simply be to prevent 
retrograde flow by creating a physical barrier, but also to create an anatomical 
stenosis, which leads to a marked acceleration in the anterograde flow velocity 
proximal to the valve. While this study has been performed on valves in large veins, 
the theory still holds true for the microvenous valves. This finding leads support to the 
hypothesis that venous valves in the microcirculation have an important role in 
maintaining anterograde flow, rather than preventing retrograde flow. While this is 
the first time that this observation has been published in reference to the function of 
the venous valves, similar observations have been made in reference to the aortic 
valves, with the stenosis of the lumen caused by the aortic valves resulting in greatly 
increased velocity of a corresponding decrease in pressure 166. In a series of dye 
injection and cine film experiments, Bellhouse and colleagues also showed that aortic 
valve closure is initiated prior to the end of systole and the commencement of 
retrograde flow 167-170, therefore supporting the theory for venous valve closure 
proposed by Lurie et al (2003). 
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Table 5.14 Axial flow velocity measured by pulsed-wave Doppler ultrasound 
scanning (modified from Lurie et al., 2003). 
Patient position Distal to the valve Between the valve cusps Proximal to the valve 
,_.. Supine 9.7±6.8 18.2±12.6 12.2±8.4 
> ("<" 
IZl l Standing 0 6.5±2.0 12.2±3.7 8.7±2.4 
,_.. Supine 7.0±3.3 13.1±6.4 9.8±4.7 
> (' r.r.. l Standing 3.6±2.1 6.8±4.1 5.5±2.9 IZl 
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Chapter 6. Micro venous valves • Ill 
venous ulcerated limbs. 
6.1 Background. 
Dysfunction or absence of venous valves in the large veins of the leg is known to 
be involved in the development of varicose veins, eventually leading to conditions 
such as venous ulceration 43' m-m. Since microvenous valves have not previously 
been reported in the lower limb, their role in the development and progression of 
venous disease has not been investigated previously. 
Since we have shown that microvenous valves do exist in the superficial veins of 
the leg (Chapter 5), this raises the question of whether the anatomical features and the 
function of these valves may be different in those individuals who progress to develop 
venous ulceration when compared to normal lower limbs. If they are different, this 
may gives clues as to the pathogenesis of venous ulceration. 
The aim of this chapter is to identify whether differences in microvenous valve 
anatomy exist between normal and venous ulcerated lower limbs. Specifically, to 
investigate the hypothesis that individuals that progress to develop venous ulcers may 
have fewer microvenous valves than the normal population. Comparisons between the 
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morphology of microvenous valves from individuals with venous ulcers will be made 
with those from normal limbs. 
6.2 Materials and methods. 
6.2.1 Human tissue. 
The source and treatment of the human tissue used in this chapter is described 
Appendix 1. 
6.2.2 El2 sheet plastination. 
E12 sheet plastination was performed on three excised venous ulcers from three 
individuals (one male, two females; 58-75 years). These ulcers were excised from 
patients as part of their course of treatment by vascular surgeons in the Section of 
Surgery, for chronic venous ulcer disease. Each of the excised ulcers contained both 
the ulcer bed, and approximately 1-2cm of non-ulcerated surrounding skin. These 
specimens were fixed in 10% neutral buffered formalin, as described in Appendix 1. 
Each of these surgical specimens was processed separately, by essentially the same 
method as described previously (Section 4.2). The only difference from the 
preparation of the normal cadaveric limbs was the staining of vessels method used. 
Following several failed attempts to cannulate and inject dilute Gills' haematoxylin 
into a vessel at the margin of the specimens, an alternative staining method was 
developed. This involved embedding the tissue in gelatin and deep freezing to -85°C, 
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and sectioning to 2.5mm, as described in Section 4.2. Before each 2.5mm section was 
placed in acetone, it was immersed in dilute (1:5 in distilled water) Gills' 
haematoxylin #1 for three minutes, in a very similar manner to that used in standard 
histology protocols. The tissue sections were then removed from the haematoxylin 
and rinsed in two changes of Scott's tap water for one minute each. Following this 
additional staining step, the tissue sections were placed in acetone at -20°C and 
processed for E12 sheet plastination exactly as described previously (Section 4.2). 
The resulting E12 sheet plastinated venous ulcers were viewed by light microscopy 
in the same manner as used for the normal limbs (Section 4.2). 
6.2.3 Vascular casting. 
Materials. 
Human tissue used in this chapter was from several sources and was processed in 
different ways, this is summarised in Table 6.1. 
Direction of the peifusion of the vascular casting resin. 
The resin was perfused in a retrograde direction in some of the limbs. This was 
possible where there was valvular incompetence, particularly in the limbs with venous 
insufficiency. This produced vascular casts of the areas of tissue with valvular 
incompetence. 
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To do this, the GSV was cannulated on the dorsum of the foot of the amputated 
limb and the vascular casting resin perfused up the GSV. When the resin flowed from 
the proximal veins of the limb, the veins with resin present in their lumen were closed 
with haemostats. The resin then was able to flow retrogradely past the incompetent 
valves and into the tributaries. The vascular casting resin was perfused at a slow rate 
(lOmL/min). The superficial veins were considered filled when the effort required to 
perfuse the resin into the limb, using a disposable plastic syringe, increased 
dramatically. Approximately 250-300ml of resin was perfused into the veins of each 
of the venous diseased limbs. The limb was then covered with cool damp cloths and 
left at room temperature for at least four hours to allow the resin to polymerize. 
Anterograde vascular casts of two venous ulcerated limbs were also created to 
assess whether any differences between vascular casts from normal cadaveric limbs 
and venous diseased limbs were due to the pathology or to the tissue fixation and 
perfusion direction. Vascular casting resin was perfused into the posterior tibial artery 
using the same protocol as was used for the anterograde perfusions into the femoral 
artery in the cadaveric limbs described previously (Section 5.2). 
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Table 6.1 Summary of the tissue used in Chapter 6. 
1 Below knee amputation, with a long posterior flap. The level of the amputation was generally approximately 1 Ocm distal to the tibial tuberosity. 
2 All limbs included in the 'venous ulcer' group had active venous ulcers (CEAP class 6 174). These limbs were amputated in surgery as part of the normal clinical 
treatment for their pathology. These limbs all had extensive venous pathology confirmed by clinical ultrasound examination. 
3 All limbs included in the 'arterial ischemia' group were amputated in surgery as part of the normal clinical treatment for their pathology. These limbs had critical limb 
ischemia of arterial origin: These limbs appeared to have a clinically 'normal' venous system, although this was not tested. 
Number of Sex; age range Source Pathology Fixation Resin perfusion direction Data collected 
limbs 
5 Three males, two females; Surgical BKA Venous ulcer Fresh, unfixed Retrograde Valve density, valve regional distribution, 
61-87 years (CEAP class 6) 2 valve morphology, vessel distribution 
2 One male, one female; Surgical BKA Venous ulcer Fresh, unfixed Anterograde Valve density, valve regional distribution, 
84-90 years (CEAP class 6) valve morphology, vessel distribution 
2 Two males; Surgical BKA Arterial Fresh, unfixed Retrograde Valve presence, valve morphology, vessel 
58-76 years ischemia3 distribution 
2 Two males; Surgical BKA Arterial Fresh, unfixed Anterograde Valve presence, valve morphology, vessel 
58-68 years ischemia distribution 
Female; 64 years Cadaveric lower Normal Phenoxytol Anterograde Valve density, valve regional distribution, 
limb valve morphology, vessel distribution 
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Fresh, unfixed limbs from surgery with no known venous disease (arterial 
ischemic lower limbs amputations) were used in this chapter to compare vascular 
casts and valve morphology between the unfixed 'normal' limbs, with the formalin 
fixed cadaveric limbs used in Chapter 5. In addition, one cadaveric lower limb that 
had been embalmed using a phenoxytol-based solution was also used to identify 
differences in the quality of the vascular casts with the formalin fixed cadaveric tissue 
from Chapter 5. 
Tissue sampling. 
Tissue samples were removed from the venous ulcerated limbs from regions that 
were comparable to the normal limbs where possible (Section 5.2.3). In all cases, the 
upper calf regions were not available because the diseased limbs (whether venous or 
arterial diseased) were all below knee amputations with long posterior flaps, in most 
cases this also affected the mid calf region (Figure 6.1 ). In addition, limited tissue was 
available from the ulcer bed, depending on the depth of the ulceration. The tissue 
samples comprised skin and subcutaneous tissue, down to, but not including, the deep 
fascia. All regions available had four tissue samples excised, each tissue sample was 
20mm x 20mm in surface area, therefore, from each limb 8-12 tissue samples were 
excised, totalling 32-48cm2. These samples were of varying thickness, which was 










Tissue maceration and viewing by SEM. 
Tissue samples were macerated and the resulting vascular casts processed, viewed, 
and quantified by the same protocol as described for the normal limbs (Section 5.2). 
Histology of resin perfused tissue. 
Following perfusing, and curing, of the vascular casting resin, additional selected 
tissue samples were excised and processed for histology. These histology samples 
were all adjacent to the samples removed for SEM examination. Tissue samples were 
excised, processed, and examined in the same manner as described for the normal 





Figure 6.1 Diagram showing the regions of the amputated limbs where tissue samples, 
including vascular casts, were removed from for examination by light microscopy and 
scanning electron microscopy. 
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6.3 Results. 
6.3.1 E12 sheet plastination. 
E12 sheet plastination of excised venous ulcer specimens was not a useful method 
for the examination of venous valves in this tissue. The increased amount of fibrotic 
tissue and corresponding decrease of superficial adipose tissue severely reduced the 
transparency of the plastinated tissue. It was not possible to identify venous valves 
within this tissue since this relies on the tissue being translucent, and being able to 
focus through the depth of the tissue to visualise the cusps. 
6.3.2 Vascular casting. 
The gross appearance of the vascular casts from the subcutaneous tissue of the 
venous diseased limbs was in striking contrast to that of normal cadaveric limbs. The 
vascular cast density was far greater in the venous diseased limbs and remained intact 
so that the size and shape of the intact vascular cast from the venous diseased limbs 
were often virtually identical to the initial tissue sample excised (Figure 6.2). The 
casts from the diseased limbs included vessels that could be identified from the entire 
thickness of the tissue specimen, including the large vessels and their vasa vasorum, 
and the cutaneous microcirculation as small as the dermal papillary loops (Figure 6.3). 
In contrast, in the normal cadaveric limbs, the vessels were fewer and much more 
disorganised, with no obvious arrangement to the vascular casts, simply due to the 
low number and density of resin filled vessels that did not hold themselves together. 
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Histology of the resin perfused tissue allowed examination of the distribution and 
proportion of the vessels that were resin-filled in the venous ulcerated limbs (Figure 
6.4). As in the normal cadaveric limbs, vascular casting of limbs with venous 
ulceration failed to fill all of the vasculature (Figure 6.5). In the hypodermal tissue of 
the venous ulcerated limbs, 44.9%±13.3 of the vessels identified by histology were 
found to contain resin within their lumens (Table 6.2) - almost identical to the normal 
cadaveric limbs (44.6%±8.6; Section 5.3.1). However, in the dermis of the venous 
diseased specimens, 54.7%±23.6 of the vessels was filled with resin (Table 6.2), 





Figure 6.2 Examples of a tissue specimen from a limb with active venous ulceration 
before and after maceration. 
A. Tissue sample excised (black dashed box) near the margin of a venous ulcer following 
perfusion, and curing, of the blue vascular casting resin. 
B. The same specimen, following maceration. Note that the size and shape of the cast is very 









Figure 6.3 SEM examples of the vascular casting through the depth of the tissue. 
A The tissue specimens were excised from the superficial tissue and included epidermis, dermis , 
and subcutaneous tissue down to , but not including, the deep fascia. From these micrographs, it 
is easy to see that the vascular casts extend from the deep fascia through the tissue to the most 
superficial parts of the dermis, just deep to the epidermis. The resin has filled the large veins 
(asterisk) , vasa vasorum (arrows) , and other vessels from the hypodermis and dermis. Scale bar 
=2.5mm. 
B. A higher magnification micrograph of the vascular cast from the superficial area of the dermis 
(highlighted by the white box in 'A ') . The vessels seen in this figure are those of the papillary 
plexus, including the papillary capillary loops. These papillary loops were approximately 6-
7~-tm in diameter. Scale bar= 50~-tm 
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Figure 6.4 An example of light micrographs from the histology of tissue from the 
venous ulcerated limbs after vascular casting. 
Shown is a low magnification montage of a histology sample extending from the epidermis to the 
deep fascia (scale bar =200~-tm). Higher magnification inserts show the presence of resin within the 
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Figure 6.5 Histological evaluation of the distribution of resin~ filled vessels within the 
depth of the subcutaneous tissue from venous ulcerated limbs. 
The graph shows the total number of vessels quantified as having resin present within their lumen, 
or not, using a stereology counting grid. This data is from twelve tissue samples (four from each of 
three individuals). These tissue samples were excised from regions with intact dermis and 
epidermis, not from the ulcer margin or ulcer bed. The approximate level of the dermal-hypodermal 
junction is identified by the vertical dashed line. 
Distribution of vascular casts in 'blue skin' versus 'white skin' from the venous 
diseased limbs. 
When the limbs with venous disease were perfused with the vascular casting resin, 
() 
some areas of the skin were blue because of the injection of the blue resin ('blue 
skin'), while other areas of the skin appeared to remain uncoloured by the resin 
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('white skin') (Figure 6.6). The difference in the external appearance of the colour of 
the skin was found to be due to the extent of the resin perfusion into the dermis. In 
regions of 'blue skin', the vascular casting resin was seen by histology to fill 
significantly more vessels in the dermis (20.2±1.7 resin-filled vessels) when 
compared to areas of 'white skin' (8.7±3.6 resin-filled vessels) (Scheffe post-hoc test, 
p<O.OOOl; Table 6.2 and Figure 6.7). This high density of resin-filled vessels in the 
dermis of the 'blue skin' was due to filling of the papillary plexus vessels (Figure 6.8). 
At all other tissue depths, the numbers of resin filled vessels were not different 
between the 'blue skin' and 'white skin'. Importantly, the total number of vessels 
within the dermis and hypodermis from the 'blue skin' and 'white skin' were not 
different (unpaired t-tests, p=0.6288 and p=0.5949, respectively; Table 6.2 and Figure 
6.9), therefore the 'blue skin' was not due to an increase in the vascular density at that 
site. Both histology and SEM of the vascular casts confirmed that the diameters of 
resin-filled vessels within the upper part of the dermis in the ulcerated limbs are 
consistent with the capillary loops being filled (mean diameter= 7.9±2.9!-tm). 
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Stereology of histological sections of the 'blue skin ' and 'white skin' from venous ulcerated limbs was used to identify the proportion of vessels that had vascular casting 
resin present within their lumen. 
L Total number of vessels identified within the tissues, this inc luded both resin-filled and empty vessels 
2
. The total number of resin-filled vessels identified within the tissue samples examined. A resin-filled vessel was defined as any vessel with resin within its lumen- the 
resin did not have to fill the entire lumen. 
3
· The percentage of vessels from each region of each tissue sample that had resin identified within the lumen . 
Blue White Overall ' Blue] iB!ue2\ ''BiueJ i'< B1ueM ·Bln~5 Blne6 
' . ~ ' White] White2 White3 White4 WhiteS White6 
mean±SD mean±SD mean±SD _.,, 
"~ 
Total vessels 26.8±3.6 25.7±4.5 26.3±3.9 27 21 . 31 25 30 "P 28 20 33 25 25 23 
Resin-fi lied 
20.2±1.7* 8.7±3.6 14.4±6.6 22 17 :io 20 21 21 13 4 12 6 7 10 
vessels2 
Percentage3 75 .8±6.9* 33.0±10.7 54.4±23.9 81.5 81.0/' 64.5 80.0 {f . 70:0 77:8 . 46.4 20.0 36.4 24.0 28.0 43.5 
Total vessels 24.2±5.9 22.5±4.5 23.3±5.1 17 21 34 2F 26 26 22 28 23 15 21 
Resin-fi lled 
vessels2 
9.0±2.0 11 .7±2.8 10.3±2.7 ,. 6. 9 12. ·. 8 io •· 13 13 16 10 9 9 
Percentage3 37.4±3.1 52.1±7.8 44.8±9.5 35.3 ?.42.9 K '34.6 35.3 .38.J. '" 38:5: .. 50.0 59.1 57.1 43.5 60.0 42.9 





Figure 6.6 Examples of areas of 'blue skin' (b) surrounded by 'white skin' m 
retrogradely perfused limbs with venous ulcers (*). 
A Male, 61 years 
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Figure 6.7 Histological evaluation of the distribution of resin-filled vessels within the 
depth of the subcutaneous tissue from 'blue skin' and 'white skin' of venous ulcerated 
limbs. 
The graph shows the total number of vessels quantified as having resin present within their lumen, 
or not. This data is from six tissue samples (two from each of three individuals) for each group. 
These tissue samples were excised from regions with intact dermis and epidermis, not from the 
ulcer margin or ulcer bed. The approximate level of the dermal-hypodermal junction is identified 
by the vertical dashed line. The number of resin-filled vessels in the most superficial 500!-lm was 




Figure 6.8 Histology and SEM of vascular cast examples of resin within the papillary 
plexus of the lower limbs. 
The histology and vascular casts pictured were all from fresh (unfixed) surgical amputation from 
patients with chronic, active venous ulcers (CEAP class 6). The resin was perfused into the limb via 
a cannula in the distal end of the GSV; therefore, the resin cast within the tissue must have travelled 
in a retrograde direction. The SEM micrographs show images of vascular loops that were thought 
to be the papillary loops, based on their diameter, density, and location. Histology confirmed that 
vascular casting resin was present in the papillary loops (arrows) of the limbs used for vascular 
casting. 
A. Scale bar= 50[!m 
B. Scale bar= 50[!m 
c. Scale bar= 250~-tm 
D. Scale bar = 200[!m 
E. Scale bar= 50flm 
F. Scale bar = 1 0011m 
G. Scale bar = 50!J.m 
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Figure 6.9 Histological evaluation of the distribution of all vessels within the depth of 
the subcutaneous tissue from 'blue skin' and 'white skin' of venous diseased limbs. 
The graph shows the total number of vessels quantified as having resin present within their lumen, 
or not. This data is from six tissue samples (two from each of three individuals) for each group. 
These tissue samples were excised from regions with intact dermis and epidermis, not from the 
ulcer margin or ulcer bed. The approximate level of the dermal-hypodermal junction is identified 
by the vertical dashed line. 
0 
To know whether this difference in the distribution of the resin-filled vessels was 
due to the pathology or the retrograde perfusion method in fresh surgical specimens 
further comparisons with anterogradely-perfused material were required. These are 
described later in this Chapter (Section 6.3.8). 
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6.3.3 Size distribution of microvenous valves. 
Vascular casting in the limbs with venous disease demonstrated that valves were 
present in veins as small as 16!lm in diameter. The general pattern of the size 
distribution of veins that contained valves was very similar to the normal cadaveric 
limbs (correlation coefficient, r=0.97), with the valves most frequently present in the 
in veins <50~-Lm diameter (Figure 6.10). The size distribution of veins that contained 
valves did not differ between the limbs examined (correlation coefficient, r=0.82-0.99) 
(Figure 6.11). Eighty percent of the venous valves were present in veins <100!-Lm in 
diameter, with 97% of the valves in veins <300~-Lm. The proportion of valves that 
were present in veins less than 100!-Lm appeared to be significantly greater in the 
ulcerated limbs when compared to the normal limbs (80% vs. 66%, respectively; 
unpaired t-test, p=0.046). 
From the tissue sampled from the venous ulcerated limbs, 405±80 vessel 
intersects/cm3 were identified (Table 6.3). The distribution of the diameters of the 
vessels present in the excised tissue samples was not different between the individuals 
(Figure 6.13, correlation coefficient, r>0.99). This did not differ from the normal 
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Figure 6.10 Distribution of the number of venous valves according to the vem 
diameter from the tissue samples examined from the six limbs processed for vascular 
casting. 
Data are presented as mean ± SD number of valves contained within vein of different diameters, 
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Figure 6.11 Distribution of the percentage of valves contained within veins of 
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Figure 6.12 Comparison of the distribution of diameters of veins that contained 
venous valves, between the venous diseased and normal cadaveric limbs. 
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Table 6.3 Vessel intersects and density for each individual. 
The data represent the mean (±SD) for each individual limb, based on observations from the two regions per limb (each with vascular casts from four tissue samples 
examined per region), i.e. eight tissue samples per limb, with the exception of HC652 where tissue was also available from the mid calf region, therefore giving 12 ti ssue 
samples from that limb. The ' mean± SD' column is the result of a ll the limbs combined. 
HC320 (F, 67) HC652 (M, 86) HC653 (F, 78) HC66 1 (M, 61) HC680 (M, 85) 
5243±3299 352 1±2036 4533±1255 5230±2828 6700±2305 
16.0 16.0 16.0 16.0 16.0 
328±206 220±127 283±117 327±177 419±144 
12.6±0.6 9.5±4.1 15 .5± 1.8 14.4±1.1 13.1±3.0 
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Figure 6.13 Vascular size distribution from each venous ulcerated limb. 
The data represent the percentage of vessel intersect in each range of vessel diameters for each 
individual limb. Correlation coefficient, r>0.99. 
6.3.4 Density of venous valves per unit area and per vessel intersect. 
0 
From the tissue samples examined from the venous ulcerated limbs, venous valves 
were identified at a density of 4.6±1.3 valves/cm2, based on the surface area of the 
tissue specimens (Table 6.4). This corresponded to 5.7±1.9 valves/cm3 when the 
depth of the tissue samples was also included (Table 6.4 ). As was shown in the 
normal limbs, significant differences in the density of valves/cm2 were identified 
between some of the individuals. 
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The density of venous valves per unit area and per unit volume was shown not to 
differ between the ulcerated and normal lower legs (Table 6.4) (Mann-Whitney U test, 
p=0.546 and p=0.749, respectively). 
From the venous ulcerated tissue, 0.02±0.02 valves/vessel intersect were identified 
(Table 6.4). The density of valves/vessel intersect was not different between each of 
the venous ulcerated limbs (ANOVA, p=0.33), although the combined data from the 
ulcerated group was significantly lower than the normal limbs (Mann-Whitney U test, 
p<O.OOOl). This is due to more vessels being filled with resin in the ulcerated 
specimens than in the normal limbs. This was shown by the higher number and 
density of vessels (vessels/cm2 and vessels/cm3) present in the casts by SEM (Mann-
Whitney U test, p<O.OOOl for each comparison) and by the higher density of resin-
filled vessels in the ulcer specimens by histology (Section 6.3.2). This difference may 
be an underestimation of the true difference since the normal limbs are perfused in an 
anterograde direction, therefore the casts include arterial and venous segments, while 
the ulcerated specimens are retrograde casts and may contain more venous vessels 
rather than arterial. 
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Table 6.4 Number and density of venous valves identified by SEM of vascular casts. 
The data represent the mean (±SD) for each individual limb, based on observations from the two regions per limb (each with vascular casts from four tissue samples 
examined per region), i.e. eight tissue samples per limb, with the exception of HC652 where tissue was also available from the mid calf region, therefore giving 12 tissue 
samples from that limb. The 'Ulcer limbs' column is the result of all the limbs combined. 
.· s1Itfa9e ar~a exain.in.ect :per r.egid~: (crr?) 
[ :V~Iv~s/~~~:-p~~)-re~i ... 
' Y~yys/cn~3 per regiQll.\> 
_c/-~,-;-:;\.>'-'}-'··· .... _.: ··; :' · )' , " -'·'·'': .. ,., ·"; 
v;~sel intersects per region 
· Vessel intersects/cm2 
. !titers~c t'sl c Iti3 
Valves/vessel intersect per region 
315±73" ' '-~ A3.0±12.9 ... . 
Y· ' '-
·.····:aos±so·· ·.:• 45.9±27.3 
0.02±0.02t 0 .12±0.04 
* Significantly greater than normal limbs, Mann-Whitney U test, p<O.OOOI 
,. Significantly less than the normal limbs, Mann-Whitney U test, p<O.OOOI 




















HC653 (F, 78) HC661 (M, 61 ) HC680 (M, 85) 
86±52 59±28 95±59 
16.0 16.0 16.0 
5.3±2.7 3.7±1.5 5.6±3 .1 
15.5±1.8 14.4±1.1 13.1±3.0 
5.8±3.3 4.0±1.4 6.8±2.6 
4533±1255 5230±2828 6700±2305 
283±117 327±177 419±144 
299±117 357±168 505±62 
0.02±0.01 0.01±0.00 0.01±0.00 
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6.3.5 Relationship between vein diameter and microvenous valve sinus height. 
From the venous valves identified from the venous ulcerated limbs, the sinus 
height to vein diameter ratio was 0.84±0.17 (n=730 valves, range = 0.44-1.55) (Table 
6.5). The ratio was significantly greater in veins of 0-99!-lm when compared to veins 
100-199!-tm in diameter (Scheffe post-hoc test, p=0.005) (Table 6.6). The ratio was 
also greater in the '1000!J.m+' diameter bracket than the other groups, although these 
differences could not be statistically tested due to the very small sample size in this 
group (Table 6.6). 
The ratio of valve sinus height to venous diameter was greater in the venous ulcer 
limbs (0.84±0.17) when compared to the normal limbs (0.64±0.09) (Mann-Whitney U 
test, p<0.0001). 
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Table 6.5 Ratio of valve sinus height I vein diameter of the venous valves identified by SEM of vascular casts from five amputated limbs with 
active venous ulceration. 
"'l:Jlcerlimbs <Normafiimbs , , HC320 (F. 67) HC652 (M. 86) HC653 (F. 78) 
(Mean± SDY 
971 80 209 Il l 
Mean± SD si ~us height I 0.84±0.17* 0.64±0.09 0.98±0.22 0.87±0.1 9 0.8:1±0.14 
Range 0.44-r:ss 0.40-0.94 0.46-1.54 0.54-1 .55 0.60- 1.32 
*Significantly greater than normal limbs, Mann-Whitney U test, p<O.OOO I 






Ulcer limbs (mean ± SD) 












*Significantly greater than veins in the I 00-199~m range; Scheffe post-hoc test, p=0.005 
HC66 1 (M,6 1) HC680 (M, 85) 
118 21 6 
0.80±0.08 0.78±0.13 
0.68- 1.12 0.44-1 .34 
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6.3.6 Relationship between microvenous valves and tributaries. 
From the five amputated lower limbs with venous disease, less than half of the 
venous valves identified by vascular casting were defined as being associated with 
tributaries (Table 6.7). The percentage of valves associated with tributaries of one 
individual (HC320) appeared to be a significant outlier (Scheffe post-hoc test, p=0.01) 
(Table 6.7). It is possible that this difference may simply reflect the normal range of 
variation within the population; however, due to the small sample size in this study 
this could not be further investigated. The association between valves and tributaries 
was significantly lower in the venous diseased limbs (45.6%±12.5) when compared to 
the normal cadaveric limbs (61.0%±2.1) (Mann-Whitney U test, p=0.006). 
The valve sinus height to vein diameter ratio differed significantly between valves 
that were present near tributaries, than those that were not (Mann-Whitney U test, 
p<O.OOOl) (Table 6.8). This was difference was not observed the normal cadaveric 
limbs (Section 5.3.5). 
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Table 6.7 Percentage of venous valves that were defined as being associated with tributaries from SEM of vascular casts of the superficial veins 
of the lower legs of six cadavers. 
*Significantly less than normal limbs, Mann-Whitney U test, p=0.006 
















Table 6.8 Differences in valve sinus height between valves associated with tributaries and valves not associated with tributaries. 
Associated with tributaries 
Not associated with'tributa~les 
limb~ 












*Significantly greater than valves associated with tributaries, Mann-Whitney U test, p<O.OOO I 
r Significantly greater than normal limbs, Man n-Whi tney U test, p<O.OOO I 
HC652 (M, 86) HC653 (F, 78) HC661 (M, 61) 
0.82±0.05 0.79±0.01 0.79±0.00 
(n= 137) (n=IO I) (n=58) 
0.89±0.05 0.86±0.02 0.83±0.01 
(n= 132) (n=71) (n=60) 




HC680 (M, 85) 
0.77±0.02 





6.3.7 Valve frequency between regions of the lower limb. 
Regional tissue samples were limited by the level of the amputation. In most of the 
amputated limbs received the gaiter and lower calf regions were the only regions 
available, with the mid calf region only present on one limb, and the upper calf not 
present on any of the limbs examined. Consequently, comparisons were only possible 
between the gaiter and lower calf regions. These sites were comparable to the normals. 
The number of valves, and the valves/cm2, in the gaiter region from venous 
diseased limbs were statistically greater than that from the normal limbs (Table 6.9). 
This is surprising and opposite to the expected finding. In contrast, for both the gaiter 
and lower calf regions the density of valves per tissue volume (valves/cm3) did not 
significantly differ from the normal cadaveric limbs (Table 6.9). 
Stereology of the number of vessels in the vascular casts demonstrated fewer 
vessels in the gaiter regions compared to the lower calf regions. This difference was 
present, regardless of whether expressed as number of vessel intersects, vessel 
intersects/cm2, or vessel intersects/cm3 (Mann-Whitney U test, p=0.002, for each 
comparison) (Table 6.10). While the mid calf region was unable to be statistically 
tested because it was only from one limb, it did appear to be greater than the gaiter 
region, and similar to the data from the lower calf region. 
When compared with nmmal cadaveric tissue, the number and density of the 
vessels were very obviously increased (Table 6.10). In all tissue samples, there were 
approximately ten times the number or density of vessels observed in the same 
regions of the normal limbs (Mann-Whitney U test; p<O.OOOl). 
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When the frequency of valves per vessel intersects was compared there was no 
difference between the gaiter and lower calf regions of the venous diseased limbs but 
they were far fewer than in the normal legs (Mann-Whitney U test, p<0.0001, for each 
region) (Table 6.10). This presumably reflects increased length and tortuosity of the 
venous channels between the valve sites. 
The distribution of venous valves according to the diameter of the veins correlated 
highly between the regions of the ulcerated legs (correlation coefficient, r=0.98-0.99) 
(Figure 6.14). The valves were present in the smallest of the veins, with the highest 
prevalence in those veins less than 50[,tm in diameter. This was comparable to the 
findings in the normal cadaveric limbs (correlation coefficient, r=0.95-0.98). 
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Table 6.9 Number and density of venous valves identified in the vascular casts from the regions available for examination from the five 













The data represent the mean (±SD) for each region of each indiv idual limb (four tissue samples per region) (Figure 5.3). The surface area of each tissue sample was 4cm2, 
with fo ur tiss ue samples examined per region for each limb (therefore 16cm2 per region). Tissue samples inc luded all superficial tissue, down to , but not incl uding, the 
deep fascia. The 'mean± SD' colum n is the average of the means of the individuals. The 'Normals' column represents the mean ± SD for the normal cadaveric limbs 
examined in Chapter 5. Tissue samples were not available from the upper calf region, and the mid calf region was unavai lable from all but one limb(*). 
Number of valves identified 
Valves/em? 
Tissue volume examined (cm3c) 
Valves/ cm3' ·· 
Number of valves identif ied 
Vatves/ctn2. 
Tis§uy voi~Me exap)_ined, (c~3) 
Val~es/cm3 > 
·Valves/c:m2 . 
., _,:,:::,> --- ;>\ _' _.,_ .. ·, 
YO lume exarrii ned(Ein~J 
Ulcer linibs 
(Mean± Sp) 



















*Significantly different from normal limbs, Mann-Whitney U test, p=0.0436 














9.0±2.2 30.8±5.7 19.8±3.3 34.0±8.2 
2.3±0.5 6.9±1.4 4.9±0.8 8.5±2.0 
1.5±0.2 3.6±0.1 3.8±0.2 3.8±0.2 
6. 3±1.4 8.7±1.6 5.2±0.9 8.9± 1.7 
13.3±2.8 12.3±3. 1 9.8±2.2 13 .3±3.9 
3.9±0.7 3.6±0.8 2.4±0.6 2.8± 1.0 
2.2±0.2 4.2±0.2 3.4±0.2 2.8±0.3 
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Table 6.10 Vessel intersect and valves/vessel intersect data for each of the regions examined from the amputated limbs with venous disease. 
Numbefof vessel intersects 
Vessel intersects/cm2 
Tiss~6v0Juine exarJi'ued (cm3) 
Vessel intersects/cm3 
Numl:)c:r of vaLves identified 
Valves/vessel intersect 
Numbe~ ofvesseTin.~erse~~~ a., " 
Vessel intersects/en? 
'<~~;; 
Tissue volume examined (cm3) 
Vessel i~t~rsects/tfu3 
Ulcer limbs 





















































Significantly greater than the gaiter region of the ulcerated limbs, Mann-Whitney U test, · p=0.0003; ** p=0.002 
Significantly less than normal limbs, Mann-Whitney U test; t p<O.OOOI 
HC653 (F, 78) HC661 (M, 61) HC680 (M, 85) 
1355±324 1808±176 2083±264 
339±8 1 452±44 521±66 
3.6±0.1 3.8±0.2 3.8±0.2 
383±96 479±71 549±67 
30.8±5 .7 19.8±3.3 34.0±8.2 
0.02±0.01 0.01 ±0.00 0.02±0.01 
911±100 808±202 1268±317 
228±81 202±1 9 317±29 
4.2±0.2 3.4±0.2 2.8±0.3 
218±33 239±38 463 ±50 
12.3±3.1 9.8±2.2 13.3±3.9 
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Figure 6.14 Distribution of the percentage of venous valves, for each region of the 
venous ulcerated limbs, according to the vein diameter in which the valve was located. 
The ratio of valvular sinus height to the diameter of the vein was similar in the 
gaiter and lower calf of the venous diseased limbs, but notably greater than the 
corresponding regions from the normal limbs (Mann-Whitney U test, p=O.OOOl, for 
each comparison) (Table 6.11). The mid calf region data was not included in this 










Table 6.11 Regional comparisons of the ratio of valve sinus height to venous diameter 
in the venous ulcerated limbs. 
The ratio data represents the mean ± SD for each region, calculated from the mean values per unit 
area from each of the limbs. The number of valves is lower than the total number of valves 
identified because the sinus height was not avai lable from each valve identified. The 'Normals' 




Ulcer limbs (mean± SD) 








Significantly greater than normal limbs, Mann-Whitney U test, p=O.OOOI 
The proportion of valves that were defined as being associated with tributaries was 
similar between the gaiter and lower calf regions of the ulcerated limbs (Table 6.12). 









Table 6.12 Regional comparisons of the association of venous valves and tributaries 
in the venous ulcerated and normal limbs. 
The percentage data represents the mean ± SD for each region, calculated from the mean valves per 
unit area from each of the limbs. The 'Normals ' column represents the comparable data from the 


















Significantly Jess than normal limbs, Mann-Whitney U test,* p=0.029 ; -- p=0.006 
6.3.8 Understanding vascular casts. 
Before making too much of an interpretation of the preceding comparisons 
between vascular casts of venous diseased and normal cadaveric limbs, the 
differences in casting 'fresh' (unfixed) and formalin-fixed tissue required evaluation. 
These included anterograde and retrograde 'normal' surgical unfixed limbs, 
anterograde normal cadaveric limbs that were not fixed with formalin, and 
anterogradely perfused venous ulcerated limbs (Table 6.1 ). 
Since the comparisons thus far have been made between, anterogradely perfused 
formalin-fixed normal cadaveric tissue, and retrogradely perfused unfixed venous 
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ulcerated tissue, the most obvious comparison required is the opposite - thus, 
retrogradely perfused normal cadavers and anterogradely perfused ulcerated limbs. 
However, obtaining a retrograde vascular cast of the microvasculature from a normal 
formalin-fixed cadaveric lower limb was not possible due to the presence of 
competent venous valves in the large veins. To overcome this problem, two other 
groups of limbs were used, anterograde and retrograde casts of amputated limbs with 
arterial ischemia but with clinically normal venous systems, and anterograde casts of 
phenoxytol-fixed normal cadaveric limbs. These three groups of limbs were compared 
to anterograde casts of venous ulcerated limbs. 
'Blue skin' vs. 'white skin'. 
During vascular casting of all of these additional limbs, localised areas of 'blue 
skin' were observed, just as they were after the retrograde perfusions of the venous 
ulcerated limbs. Following maceration of specimens from these blue areas, it was 
shown that this effect was the result of the blue resin extending into the papillary 
loops of the dermis, similar to the retrogradely perfused venous ulcerated limbs 
(Figure 6.15). These areas of 'blue skin' were seen in all limbs, including the 
phenoxytol-fixed normal cadaver, but not in the formalin-fixed normal cadavers. This 
suggests that formalin-fixation modifies the penetration of the resin pe1fusion into the 
dermis of normal cadavers. 'White-skin' is, however, the predominant pattern for all 
the perfused limbs, and the papillary loops are generally not filled by the resin. When 
anterogradely perfused cadavers are used, veins are filled consistent with the A V 
shunting of the resin below the upper dermis. The distribution of 'blue skin' was quite 










When the papillary loops were filled with resin there was quite a variation in their 
appearance. In some specimens, the dermal papillary loops appeared to be relatively 
straight segments of vessel (Figure 6.8D and Figure 6.15A, C), while in other areas 
the vessels seemed to form more complete loops (Figure 6.8A, B and Figure 6.15B, 
D). This observation did not appear to be related to any obvious variable (such as 
region of the limb, direction of resin perfusion, or venous diseased limb or arterial 
ischemic limb). 
Figure 6.15 Examples of vascular casts of the papillary loops of the areas of 'blue 
skin' from limbs with various fixations and perfusion directions. 
A. Anterograde cast; phenoxytol-fixed normal cadaver. 
B. Anterograde cast; unfixed surgical amputation for arterial ischemia of the foot. 
C. Retrograde cast ; unfixed surgical amputation for venous ulceration. 
D. Anterograde cast; unfixed surgical amputation for venous ulceration. 
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Since it appears that formalin-fixation of the tissue prior to vascular casting has a 
deleterious effect on the quality of the resulting cast, it was also important to compare 
the impact on morphological measures of the venous valves. The formalin-fixed, 
phenoxytol-fixed, and unfixed limbs, and additionally, between the anterograde and 
retrograde perfusion directions were compared. 
Ratio of valve sinus height to venous diameter. 
The ratio of sinus height to vein diameter in the anterogradely perfused ulcerated 
legs showed that these valves were not significantly different from the retrogradely 
perfused limbs (Table 6.13), therefore indicating that this difference may be due to the 
pathology within these limbs, not the method of perfusion. The ratio of sinus height to 
venous diameter of normal cadavers that were embalmed using phenoxytol, and 
unfixed limbs amputated in surgery due to arterial ischemia (with no identified venous 
disease) were also not different from the ratio in formalin-fixed normal cadavers from 
Chapter 5 (Table 6.13). It is concluded that the ratio of valve sinus height to venous 
diameter was unaffected by the tissue fixation or perfusion direction. 
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Table 6.13 Comparison of the ratios of valve sinus height to venous diameter between normal cadaveric tissue, arterial ischemic amputated limbs, 
retrogradely perfused venous ulcerated limbs, and anterogradely perfused venous ulcerated limbs. 
The number of valves identified from the phenoxytol-fixed cadaver, the arterial ischemic limb, and the anterograde venous diseased limb are much lower than the other 
two groups due to the amount of tissue examined. From the anterogradely perfused formalin-fixed cadavers and the retrogradely perfused venous diseased limbs all pieces 
of the vascular casts from 16 tissue samples were thoroughly examined to identify all valves present, whereas for the other groups the casts were examined to i.dentify the 
presence of valves, not to identify the total number of valves present. 
'Normal' limbs (no known venous pathology) 
Anterogradely perfused Anterogradely perfused Retrogradely perfused 
formalin-fixed cadavers phenoxytol-fixed cadaver arterial ischemic amputation venous ulcer amputations venous ul.cer amputation~ 
(n=6 limbs) (n=l limb) (n=l limb) 
Number of valves 971 21 32 
Mean± SD sinus 0.64±0.09 0.67±0.07 0.65±0.16 
height I veins 
diameter 
Range 0.40-0.94 0.53-0.76 0.40-1.10 
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Relationship between venous valves and tributaries. 
The effect of fixation and perfusion direction on the relationship between valves 
and tributaries was also evaluated. 45% of the venous valves identified in the 
retrogradely perfused venous diseased limbs were associated with tributaries. This 
was similar in the anterograde perfusion studies (Table 6.14). In the formalin-fixed 
normal cadavers, 60% of valves were associated with tributaries. This was 
significantly different in the non-formalin fixed cadaver and amputated limbs, with 
45-50%. This suggests that the previously observed difference between normal and 
venous disease was an artefact due to formalin fixation. The reason for this is not 
clear. 
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Table 6.14 Comparison of the association between venous valves and tributaries between normal cadaveric tissue, arterial ischemic amputated 
limbs, retrogradely perfused venous ulcerated limbs, and anterogradely perfused venous ulcerated limbs. 
The number of valves identified from the phenoxyto l-fixed cadaver, the arteri al ischemic limb, and the anterograde venous diseased limb are much lower than the other 
two groups due to the amount of tissue examined. From the anterogradely perfused forma lin-fixed cadavers and the retrogradely perfused venous diseased limbs all pieces 
of the vascular casts from 16 ti ssue samples were thoroughl y exami ned to identify all valves present, whereas for the other groups the casts were examined to identify the 
presence of valves, not to identify the total number of valves present. 
Percentage of valves associated 
with tributari es 
Ratio of valve si nus 
heightJdiameter for valves 
associated with tributaries 
Ratio of valve sinus 
height/diameter for valves not 
associated with tr ibutaries 





























6.3.9 Understanding valve distribution. 
Another facet of this study was to have some understanding of the effect 
microvalves have on resin filling and why some areas fill better than others especially 
to the papillary network. A composite montage was created from adjacent scanning 
electron micrographs of a vascular cast large area of superficial tissue. This example 
of a retrograde cast of a 'normal' amputation (without venous disease) from a 76-
year-old male. This specimen was of particular interest as some retrograde perfusion 
was possible, despite the clinical absence of venous vessel reflux. The area of tissue 
included both 'white skin' and 'blue skin'. The reconstruction revealed several 
interconnecting vessels of relatively large diameter (approximately 1.5mm-200f!m), 
and an area of very dense microvessels, corresponding to the observed area of 'blue 
skin' (Figure 6.16). Upon examination of the vascular cast by SEM, numerous valves 
were identified and their location and morphology noted. The valves were identified 
throughout the cast, either as 'proximal/competent valves', where the resin had not 
passed retrogradely beyond the valve cusps (red circles), or 'full/incompetent valves' 
where the resin had passed through the valve and filled the distal part of the vein in a 
retrograde direction (blue circles). 
It was possible to identify the likely path of the retrograde perfusion from the large 
veins through to the microvasculature of the dermis ('blue skin') (Figure 6.17). It is 
important to note that the retrograde resin path of valve incompetence appears to 
originate from one tributary, and its incompetent valve (valve #2, Figure 6.17). This 
valve is highly stretched, with a ratio of valve sinus height to venous diameter of 1.10 
(diameter = 788f!m, sinus height = 864!-tm), which is much larger than that of the 
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other valves identified. Several possible paths of retrograde flow are identified, of 
which one (Figure 6.17C) would appear most likely, since it only relies on the failure 
of one valve (valve #2), along relatively large diameter veins, to the dermal 
microvessels. 
When the ratio of valve sinus height to venous diameter was compared between 
the proximal valves (competent valves) and the full valves (incompetent valves), it 
was found that the ratio from the full (incompetent) valves was significantly greater 






Figure 6.16 Low magnification SEM montage (A) and schematic (B) of the vascular 
cast from the lower calf region of a retrograde venous perfusion of a below knee 
amputation from an ischemic limb. 
Venous valves, identified using SEM at up to 200x magnification, are identified on the schematic 
by the coloured circles. The red circles indicate valves where only the proximal half of the valves 
that have cast (competent valves) , while blue circles are valves that have been fully cast (these may 
be either incompetent valves, or where the resin has passed in cusps in the normal direction of the 
blood). The diameter of the vein, and the ratio of sinus height to venous diameter for each valve are 
as follows. 
1. 238~m; 0.69 12. 279~m; 0.73 
2. 788~m; 1.10 13 . 181~m; 0.51 
3. 201~m; 0.45 14. 200~m; 0.49 
4. 237~m; 0.70 15. 208~m; 0.68 
5. 109~m; 0.62 16. 374~m; 0.73 
6. 154~m; 0.55 17. 178~m; 0.63 
7. 219~m; 0.59 18. 174~m; 0.62 
8. 400~m; 0.82 19. 281~m; 0.55 
9. 483~m; 0.76 20. 482~m; 0.66 
10. 193~m; 0.51 21. 262~m; 0.75 






Figure 6.17 Possible paths of incompetence allowing retrograde flow to fill the 
microvessels of the dermis in the area of the 'blue skin'. 
In each of these schematics, the large black arrow indicates the known direction of normal flow in 
the large vein, while the large red arrows indicate the possible directions of retrograde flow of the 
vascular casting resin to fill the microvessels of the dermis in the area of the 'blue skin' (blue 
circle). 
A. Montage of SEM images of the retrogradely perfused vascular cast from the calf of an arterial 
ischemic lower limb amputation. 
B. In this case, the retrograde flow is required to pass three incompetent valves (#2, #8, and #9) to 
reach the microvessels. 
C. In this case, the retrograde flow only needs to pass one incompetent valve (#2) to reach the 
microvessels. 
D. While it is not present in the vascular cast, it may have been possible for the retrograde flow to 
pass two incompetent valves (#2 and #20) and reach the microvessels. While this connection is 


























6.4.1 Microvenous valves in venous diseased individuals. 
It is well understood that the microvasculature of the superficial tissue of patients 
with venous ulcers does not function normally 107• 113' 175' 176. This raises the question 
of what is different between the normal and venous ulcerated limbs that may shed 
light on the cause of the microvenous disturbance. Having shown that microvenous 
valves exist in the superficial veins of the lower limb, the purpose of this chapter was 
to examine the hypothesis that individuals that progress to develop venous ulcers have 
fewer microvenous valves than the normal population. 
Contrary to this hypothesis, the observations of this and the preceding chapter 
show that in individuals with active venous ulcers the size distribution of veins that 
contain microvalves, the number or density of these valves, or the association between 
venous valves and tributaries is the same as in limbs without venous disease. 
Reflux occurs back to the papillary plexus of the dermis. 
This study has shown that it is possible to create retrograde vascular casts of the 
superficial tissue of limbs with active venous ulcers - a process that was not possible 
in retrograde casts of normal, formalin-fixed cadaveric limbs and only possible to a 
very limited extent in limbs amputated in surgery for arterial ischemia. This indicates 
that, while microvenous valves are present in the superficial veins of the venous 
diseased limbs, they are incompetent and allow retrograde flow. Using stereo logy of 
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histology of the vascular casts, this incompetence was shown to allow flow from the 
GSV (the site of perfusion) through the entire thickness of the tissue to the papillary 
loops of the dermis. At the commencement of this thesis, this may have been the 
expected finding, since valves were thought not to be present in veins smaller than 
2mm in diameter. However, in light of the findings from this research it is remarkable 
that retrograde flow is possible past microvenous valves, from the large veins of the 
lower limb through to the papillary loops of the dermis. 
Valve sinus height. 
This study has shown that the ratio of valvular sinus height to venous diameter is 
significantly increased from the venous diseased limbs suggests that the microvalves 
in the superficial tissue of these legs may be significantly stretched when compared to 
the normal cadaveric limbs. This difference was found to be consistent between the 
venous diseased and non-diseased limbs, regardless of the type of fixation or the 
direction of the resin perfusion. The stretching and elongation of venous valves cusps 
has often been referred to in the literature as an important step in the development of 
valvular incompetence in the large veins of the lower limb 177 and also in 
experimental models of venous hypertension 178. This thesis suggests that similar 
stretching may also occur in the microvenous valves of these venous diseased limbs, 
and that this can go right back to the valves in the smallest venules. This stretching 
and incompetence of the microvenous valves presumably may allow venous reflux 
and raised ambulatory pressure to be transmitted through to the capillary bed, across 
incompetent microvalves. 
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The vascular casting of venous diseased limbs also suggests that valves not 
associated with tributaries were more stretched than those at tributaries. The reason 
for this greater susceptibility to stretching of valves away from tributaries is unclear 
from this study. It is possibly due to the effects of retrograde pressure on the valve 
cusps. As retrograde pressure impacts upon a valve present at a tributary, the pressure 
and stress will be less, as it may be dissipated into the two vessels (Figure 6.18A). 
Even if valves were present in each of the vessels associated with the tributary (Figure 
6.18B), the pressure placed on each of the valves in likely to be lessened when 
compared with a valve not associated with a tributary (Figure 6.18C). It can be 
confirmed that this effect is not an artefact caused by the retrograde perfusion of the 
vascular casting resin in the ulcerated limbs because the same effect is also present in 
the anterograde perfusion of venous ulcerated limbs. Another explanation for the 
increased vulnerability to stretching of valves away from tributaries is the difference 
in the anatomy of the vessel wall and valve attachment when the valve is away from 
the branch point. Unfortunately, no data was found in the literature that described the 
wall thickness or composition near venous tributaries, and it was beyond the bounds 
of this thesis to further investigate this possibility. 
Interestingly, in support of this observation that valves not associated with 
tributaries are more susceptible to stretching than valves present at tributaries was one 
of the venous ulcerated limbs examined in this study (HC320, female, 67 years, 
retrogradely perfused). This limb was found to have the lowest density of valves (both 
valves/cm2 and valves/em\ the lowest percentage of valves associated with 
tributaries, and the greatest average ratio of valve sinus height to venous diameter. 
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Figure 6.18 Schematic showing retrograde pressure at tributaries. 
A. Valve at a tributary, with the other vein having an avalvular orifice. The majority of the 
pressure will pass into the avalvular vein, with limited stress placed on the valve. 
B. Valve at a tributary, with a valve present in the other orifice. The pressure will be distributed 
more evenly between the valves, therefore placing moderate stress on each valve. 
C. Valve not associated with tributary. All of the retrograde pressure impacts on the valve, 
therefore resulting in a significantly longer valve sinus height. 
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Understanding the distribution of micro valves within the venous system. 
From the vascular cast montage of an amputated leg with a clinically normal 
venous system (Figure 6.16 and Figure 6.17), it was possible to better understand the 
arrangement of microvalves in a larger venous system. This approach made it possible 
visualise how the pattern of valves, or perhaps more importantly the pattern of the 
absence or incompetence of valves, may lead to areas of localised venous 
incompetence. This limb demonstrates that it is possible for an isolated microvascular 
bed to be subjected to retrograde flow and pressure due to the failure of a relatively 
small number of valves. 
When the gaiter region is considered, it has been demonstrated in the course of this 
thesis that the gaiter region has significantly fewer valves that the more proximal 
regions of the leg. In addition, it has been shown previously that the gaiter region has 
the same number and density of microvessels as other areas of the lower leg and foot 
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• It may be, therefore, that each of the microvalves present in the gaiter region has a 
much more imp011ant role in protecting the microcirculation than valves in more 
proximal regions of the limb. Moreover, if a small number of 'key valves' become 
incompetent in the gaiter region (such as valve #2 in Figure 6.16 and Figure 6.17), the 
local drainage area of that vein (venosome) may become susceptible to retrograde 
flow and pressure, possibly leading to microvenous consequences of venous disease 
(such as ulceration). Conversely, the greater number of valves in the mid and upper 
calf regions may prevent, or at least limit, the development of areas of venous 
incompetence and retrograde flow. 
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6.4.2 Differences in vascular casting between normal and venous diseased 
lower limbs. 
Several differences (such as vessel density and filling of the papillary plexus) 
between the vascular casts of normal cadaveric tissue and surgically amputated tissue 
were identified in this study. Due to the number of variables between these limbs -
fixed vs. unfixed, normal vs. venous diseased, anterograde vs. retrograde perfusion-
it was unclear why the venous ulcerated limbs produced such high quality casts. In 
order to better understand the factors affecting the quality of the vascular casts, 
several other limbs were processed for vascular casting, using a combination of 
fixation, pathology, and perfusion direction. As a result of these investigations it 
became clear that formalin-fixation of the tissue prior to vascular casting is highly 
deleterious to the quality of the vascular cast. This was evidenced by the density of 
the vessels cast, the depth of tissue perfused (whether the dermal vessels perfused), 
and the perceived completeness of the vascular cast. 
While the exact mechanism responsible for the poorer quality of the vascular casts 
from the formalin-fixed limbs has not been investigated, it is likely that it is likely to 
be due to the cross-linkage of proteins, tissue shrinkage, and increased rigidity of the 
tissue. Park et al. (1993) investigated the effect of formalin-fixation (1 0% NBF, 24-48 
hours) on the luminal cross-sectional area and vessel distensibility of human femoral 
artery received from autopsy. Using intravascular ultrasound (IVUS), this paper 
showed that formalin-fixation significantly decreased the unstressed (resting) luminal 
surface area of non-calcified femoral arteries (n=lO), when compared to the same 
vessels prior to fixation (14.0±2.0mm2 vs. 18.9±2.4mm2, respectively; paired t-test, 
p<O.OOl) 179 . Similarly, vessel distensibility (change in luminal surface area with 
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increasing luminal pressure) was also significantly decreased in the non-calcified 
formalin-fixed specimens (n=lO) when compared to the unfixed (1.12±0.91 
mm2/100rnrnHg vs. 3.53±1.3 mm2/100mmHg respectively, paired t-test, p<O.OOl) 179. 
The decreased vessel diameter and distensibility caused by the formalin-fixation of 
the cadaveric tissues are likely to be the cause of the incomplete filling of the dermal 
vessels (in particular the papillary loops) from these tissues, when compared to the 
unfixed and phenoxytol-fixed tissues. This may be due to the cross-linkage of the 
proteins, which is caused by the formalin-fixation, amongst the fibrous tissues of the 
dermis will inhibit vessel perfusion more than the vessels in the adipose tissue due to 
the increased peripheral resistance caused by the decrease in tissue distensibility. 
The effect of formalin on the tissue properties explains the difference in the quality 
and completeness of the resin perfusion between the formalin-fixed cadavers and the 
unfixed amputated limbs; however, it does not explain the differences in the 
completeness of the perfusion within each of the unfixed limbs. The unfixed limbs 
examined in this chapter showed differences in the local perfusion of the tissues, with 
adjacent areas of 'blue skin' (where the resin has filled the papillary plexus of the 
dermis well) and 'white skin' (where the resin had not filled the papillary plexus as 
successfully). While the positioning of these areas of 'blue skin' appeared to be rather 
random, they did tend to be more often present on the medial aspect of the calf, and 
particularity near the margins of the ulcers. However, this was certainly not always 
the case, with areas of the foot, and lateral aspect of the leg also appearing as 'blue 
skin'. The reason for these particular areas of the skin to become blue is unclear, 
although it may be indicative of incompetent territories of the skin. It is likely that the 
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presence of blood clot within the vasculature, vasoconstricted segments, or vessel 
beds that had increased peripheral resistance for another reason (such as external 
pressure on the limb), are likely to prevent more complete filling of the superficial 
vasculature, and therefore lead to areas of 'white skin'. This fits with the observation 
of blue and white skin in both the anterogradely and retrogradely perfused tissues, 
since areas of increased peripheral resistance are likely to inhibit complete perfusion 
from the both directions. 
In addition to the limitation inherent with this method (as discussed in Chapter 5), 
this chapter was also subjected to possible limitations from the type of tissue used. As 
described in Section 6.3.8, it needed to be established in this chapter whether the 
tissue type (cadaveric vs. surgical amputation), fixation (10%NBF vs. fresh), and 
resin perfusion direction (anterograde vs. retrograde) had an effect on the quality of 
the vascular casting, the identification of microvalves, and the morphology of those 
valves. From these experiments, it was identified that the likely difference between 
the limbs was due to the formalin fixation of the tissues. However, another factor that 
should be considered is the pathological classification of the groups used in this study. 
While the groups in this chapter are referred to as 'normal' and 'venous diseased' 
(CEAP class 6), it is difficult to assess the normality of the 'normal' group. 
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Chapter 7. Porcine model of venous 
valve failure and varicose veins. 
7.1 Background. 
In order to better understand the changes in valve morphology observed in the 
earlier humans resin cast studies (stretching of the valve cusps and therefore an 
increase in the sinus height to diameter ratio), an animal model of venous valve 
failure was developed. The purpose of this experiment was two-fold. Firstly, to assess 
whether the differences in the valve morphology identified between the normal and 
venous diseased limbs could be developed in a normal animal by altering the normal 
venous physiology by creating an arteriovenous fistula. Secondly, to identify whether 
the creation of an arteriovenous fistula would stimulate the generation of varicosed 
veins in the limb of the animal that were similar to 'normal' varicose veins in humans. 
If it is possible to develop this animal model of varicose veins this will allow further 
significant research in the aetiology and progression of varicose veins in the 
population. 
Unfortunately, there are no previously validated animal models of varicose veins 
and valve failure suitable for this purpose. To achieve this, a porcine arteriovenous 
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(A-V) fistula model of venous disease was developed. The pig was chosen for this · 
model due to its large size, thereby allowing relatively simple fashioning of the A-V 
fistula and the yielding large volumes of tissue for comparison with the human lower 
limb tissues previously examined. Previous unpublished work within our group has 
shown that blood vessels associated with porcine femoral A-V fistulae undergo rapid 
alteration, the rate of which is far greater than comparable changes in rabbits with 
similar fistulae 180. Though A-V fistula induced venous remodelling has been reported 
in a rat model 181 , the fashioning of such anastomoses is technically more challenging 
and yields relative small quantities of tissue for morphometric analysis, hence the rat 
was excluded as a candidate species for this model. As described below, the pig had 
the unanticipated advantage of being able to produce a postural 'congestion' of the 
superficial venous below the level of the abdomen, which greatly aided in the 
assessment of the progression of this model system. 
7.2 Materials and methods. 
Six female domestic pigs (large white times Duroc cross), aged 13-14 weeks and 
weight 30-35kg, were used for this experiment (surgery animals, n=4; control animals, 
n=2). The pigs maintained in an open pasture at the Taieri Animal holding Facility, 
Mosgiel, New Zealand, and fed a commercial pig pellet chow (50glkg/day, Reliance, 
stock pellets (15% crude protein, 4% crude fibre, 3% fats, 1.5% calcium, 0.4% salt 
and premixed vitamins and minerals)) and water ab libitum 
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Surgery. 
Four pigs had a right common femoral A-V fistula fashioned surgically by an 
experienced vascular surgeon (Mr. Ian Thomson, Section of Surgery, Dunedin Public 
Hospital). Surgery was performed using a standard anaesthetic protocol consisting of 
an induction with ketamine (lOmg/kg, intramuscular injection (IM)), xylazine 
(2mg/kg, IM), and atropine (0.05mg/kg, IM), followed by thiopentone (6ml of a 4% 
solution) via an IV line in the ear. Animals were intubated and maintained on 
halothane (1-1.5%) and oxygen with fluid balance maintained by 0.9% saline via the 
IV line. A prophylactic antibiotic ( 400mg oxytetracycline, IM) was administered 
during anaesthetic induction. 
The surgical site (right groin) was prepared with 70% alcohol and Betadine, and 
the animal covered with surgical drapes, in accordance with normal aseptic surgical 
technique. The right femoral artery and vein were dissected and then controlled with 
silicone vascular loops (Surg-I-loop, Scanlan International, Saint Paul, MN 55107, 
USA). A 1 Omm 'H' side-to-side arteriovenous fistula was then created between the 
right femoral artery and femoral vein using a double armed 6-0 prolene (Davis & 
Geck) suture (Figure 7.1). The surgical site was closed in layers and the skin sutured 
with a 2-0 absorbable suture. 
Patency of the fistula was confirmed immediately after surgery usmg 






Figure 7.1 Surgical creation of a A V fistula. 
A During the fashioning of the fistula. The femoral artery is looped with the red silicon, and the 
femoral vein is looped with the blue silicon. 
B. After completion of the creation of the fistula, showing the femoral artery (a) and vein (v) . The 
suture of the fistula can be seen between the arrows. 
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Post-surgery venous assessment. 
For seven days immediately post-operatively, the animals were housed in-doors at 
the Department of Laboratory Animal Sciences (University of Otago). They were 
examined twice daily to assess the general animal health and to confirm normal 
healing of the surgical site. 
At four, seven, nine, and twelve weeks post-surgery, the pigs were examined for 
evidence of varicose veins, or related changes in the inner thigh, groin, and abdomen 
of the animals. To facilitate this, conscious animals were restrained, and the upper 
body supported to bring the animal into a bipedal standing position. This allowed the 
areas of interest to be cleaned, examined, and photographed. 
This method of assessment of the progression of the changes was especially useful. 
Firstly, the postural effect of lifting the animal to a near vertical position reduced 
venous return raising venous pressure and distending the superficial veins of the groin, 
thigh, and abdomen. Secondly, the animals highly vocal attempts to resist this 
procedure inadve1tently produced a valsalva-like manoeuvre. In effect, this method of 
assessment produced a postural test of venous reflux, similar to that used in an air 
plethysmography (APG) test performed on human chronic venous insufficiency 
patients. 
Resin casting. 
Animals were euthanased at 14 weeks post-operatively following systemic 
heparinisation (2000IU), injected via the ear vein cannula to prevent clot formation 
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and vasospasm. Animals were then overdosed with sodium pentobarbital (0.225ml/kg, 
IV). Death of the animal was confirmed by absence of breath sounds and pulse. The 
distal ends of the right and left GSV (equivalent) were cannulated and vascular 
casting resin perfused into the limb similar to that described for the human tissue 
previously. 
The subcutaneous tissues of both limbs were excised and macerated in 15% NaOH 
as described previously. The entire cast was photographed then areas (2cm x 2cm in 
surface area) sampled and examined by SEM. 
Ethical consent. 
Ethical consent was gained for the porcine model of valve failure phase of this 
thesis from the Otago Animal Ethics Committee. 
7.3 Results. 
The creation of a 10mm 'H' side-to-side A V fistula between the right femoral artery 
and vein of 13-14 week old pigs produced significant arterial and deep venous system 
alteration, however this thesis will be confined to the description of the alterations 
associated with the superficial venous system. 
262 
Gross Venous Structure. 
There appeared to be two distinct periods of venous alteration. Following a variable 
lag period of between one to two weeks, noticeable changes began to occur in the 
superficial veins of the right limb. This was observed grossly by the progressively 
enlargement and tortuosity of the superficial veins resulting in the development of an 
extensive network of varicose veins (Figure 7.2 and Figure 7.3). A similar progressive 
venous alteration was also observed within the contralateral (left) limb, however this 
occurred following a considerably longer delay of between six to eight weeks. 
Moreover, the venous alterations in the left limb were less severe (Figure 7.4) than 
those observed on the right side. No other skin changes associated with venous 






Figure 7 .2. Time series of the development of varicose veins in the right groin of a pig 
with an A-V fistula 









Figure 7.3 Varicose veins in the right groin of pigs with right A-V fistula, 11 weeks 
post -operatively. 
By this time, each animal weighed in excess of lOOkg and could not be lifted safely into an upright 
position. Nevertheless, varicose veins are clearly visible radiating out of the right groin to 
extending towards (A) the buttocks and (B) lateral thigh. The superficial veins in the left groin also 





Figure 7.4 Time series of the development of varicose veins in the left groin of a pig 
with an A-V fistula. 
A Four weeks post-operative 
B. Seven weeks post-operative 
C. Nine weeks post-operative 
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Valve Structure 
As was described in Chapter 6, valve competence was indirectly assessed by the 
ability to create vascular casts of the venous system by retrograde perfusion via the 
distal (putative) great saphenous veins. The great saphenous vein could be cast in all 
animals used in this study, however only animals with fistulae appeared to develop 
incompetent valves allowing the resin to fill the side branches of the great saphenous 
vein. The extent of this incompetent filling was far greater on the right side of these 
animals (Figure 7 .5) 
The gross venous alterations described above are also associated with 
morphological changes in the venous valves in these limbs. From valves cast along 
the length of the great saphenous vessels from the two control animals, the valve sinus 
height to vein diameter ratio was 0.54±0.08 (n=26 valves). In the superficial veins of 
the right (A-V fistula) limbs of these animals, this ratio was increased to 0.71±0.20 
(n=104 valves), significantly greater than the control animals (Mann-Whitney U test, 
p<0.0001). In the left (contralateral) limbs of the same animals, the ratio was 
0.90±0.14 (n=121 valves). This was significantly different from both the control 
animals, and the right (A-V fistula) limbs of the surgical animals (Mann-Whitney U 
tests, p<0.0001 for each comparison). 
The micro valves identified in the superficial veins of the porcine lower limbs were 
generally present in the small veins (Figure 7.6), with a majority of microvalves being 
associated with tributaries (Table 7.1 ). 
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Figure 7.5 Venous vascular casts from the right groin of a pig with an A-V fistula (14 
weeks post-operatively). 
A. This low magnification image shows the extensive network of tortuous varicose veins in this 
retrograde filled venous vascular cast, mirroring that observed in through the skin of the living 
animal (see Figure 7.2). The arrow indicates the distal vessel (which has been broken off) 
through which the resin filled this region. Regions containing networks of smaller vessels (as 
shown in C) have been removed from this preparation for SEM analysis. 
B. An enlarged and tortuous side branch of the right great saphenous vein containing numerous 
incompetent valves (retrograde direction indicated by the arrow). The valve leaflets have left 
only a modest depression into the vein lumen, clearly demonstrating their incompetence. 
C. An incompetent microvenous valve viewed by SEM. 
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Figure 7.6 Size distribution of veins that contained venous valves from the left and 
right limbs of pigs with right-sided A-V fistula. 
The data from this graph is the mean± SD from the four animals used in this study. 
Table 7.1 Percentage association between valves and tributaries from the A-V fistula 
p1gs. 
Number of valves associated with tributaries 
Total number of valves 











This porcine A-V fistula model of venous valve failure has resulted in gross, 
relatively acute varicose veins on the right (fistula) limb, followed several weeks later 
by less severe varicose veins on the left (contralateral) limb. This novel finding has 
not been described in other A-V fistula models of vascular pathology 106• 181 • 182. The 
failure of these other studies to note the significant, gross changes that occur to the 
venous systems in these animals may be due to the animal choice (greyhounds and 
rats) or the time period of the experiment (Takase et al, 2004; 3 weeks). 
The observation in a porcine model of valve failure further supports the 
observations from the previous chapters, that valves from diseased limbs are more 
stretched than 'normal' valves. Pigs with an A-V fistula in the right leg were shown to 
develop valve failure and varicose veins over a different time for the left and right 
legs - associated with this is the different ratio of sinus height to vein diameter 
between the left and right legs. As described earlier, the veins of the left leg 
(contralateral) became varicosed later, and the valves from the left leg were 
significantly more stretched when compared to the right. These differences are 
possibly due to differences in the local haemodynamics. The valves within the right 
limbs of these animals may be damaged, and the veins dilated, in the acute phase by 
the immediate flow changes associated with the A-V fistula in that limb. While the 
valves from the leg limb may not fail for several weeks following the creation of the 
fistula, allowing time for the valve to be remodelled (stretched) in response to the 
altered venous flow due to the A-V fistula. Therefore, the model of venous valve 
failure from the left (contralateral) limbs of these pigs, may be more closely related to 
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the valve failure that occurs in patients with venous disease since it occurs over a 
longer period, allowing valve remodelling to occur. 
This model of venous disease has a great potential for research in the field of 
venous disease, as there is currently no acceptable animal model. In addition to 
studies on the varicose veins that are obvious in this model, there is also the 
possibility that this model may be suitable to further development so that it also 
becomes a model of venous ulceration. 
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Chapter 8. General discussion and 
conclusions. 
8.1 Microvenous valve identification and distribution in the 
smallest of the superficial veins of the human lower limb. 
The initial aim of this thesis was to identify whether venous valves were present in 
the smallest of the superficial veins of the human leg, and if they were present, to 
describe the size distribution of veins containing venous valves, and the morphology, 
and regional distribution of the microvenous valves. Using a combination of 
microdissection, histology, E 12 sheet plastination, and vascular casting, micro venous 
valves have been identified and described in the very small superficial veins of the 
lower limb in 'normal' cadavers. While each of these techniques have their own 
inherent limitations (as described in the respective chapters), when considered 
together they provide a more complete representation of the anatomy of these 
micro valves. 
This study has shown that venous valves are present in veins (venules) down to 
l8[!m in diameter, with the majority of the valves identified in the smallest of the 
veins. This distribution is similar to that described in the literature from other areas of 
the body 3' 56 , although it is somewhat different from the only other study to identify 
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microvalves in the human leg 126, which showed valves most prevalent in veins 101-
200ttm in diameter. However, this study of selected regions of the leg by Aharinejad 
et al (2001) identified a much lower density of valves than reported in this thesis and, 
as such, may reflect the low proportion of valves identified in the smallest veins by 
these investigators. 
In keeping with both quantitative and qualitative observations from the literature, 
in both the large 35' 49 and small veins 26• 57• 59 , the majority of microvenous valves 
identified in this thesis were associated with tributaries. However, Aharinejad et al 
(200 1) does not agree with this, and claims that in almost all cases valves were not 
located near bifurcations. The reason for this difference identified by Aharinejad and 
colleagues is unclear. It is possible that this difference is a result of the criteria used 
by Aharinejad et al for defining whether a valve is associated with a tributary or not. 
However, they do not thoroughly describe how this was quantified. 
As a measure of valve morphology, the ratio of valves sinus height to venous 
diameter was calculated. The finding from normal cadaveric limbs in this study 
(0.64±0.09, n=971 valves) was in keeping with some of the findings from the 
literature. In a vascular casting study of the microvenous valves from the duckling 
head, the ratio of valve sinus height to vein diameter was found to be 0.62±0.17 (n=40 
valves) 59 . This study acknowledged that valve sinus height could only be measured 
on approximately one third of the valves identified, due to the chance orientation of 
the valves within the SEM. This is also supported by other vascular casting 
investigations performed within our research group, showing a ratio of sinus height to 
vein diameter of approximately 0.50-0.60 from valves from pig hind limbs (Chapter 
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7), sheep face, and pig cardiac veins (unpublished observations). Aharinejad and 
colleagues, however, claim the ratio to be between 0.29±0.46 (n=537 valves, from 
veins 30-l20[!m in diameter) and 0.48±0.74 (n=63 valves, from veins 500-999[!m in 
diameter) 3• 56. While the methodology described by Aharinejad et al appears similar 
to that used in this thesis, and by Hossler and West (1988), the figures published to 
support the findings of Aharinejad are poor, and therefore raise questions regarding 
the accurate identification of valves, and particularly, the valve sinus height. 
One of the main aims from this thesis was to identify whether a regional difference 
in the distribution of valves existed in the lower limbs, which may go some of the way 
to understanding the clinical observation that venous ulcers are most common in the 
gaiter region of the leg. This study has shown strong evidence that fewer microvenous 
valves are present within the gaiter region of the leg when compared to the upper and 
mid calf regions. This was true regardless of the measure of valve density used (actual 
valve number, valves/cm2, valves/cm3, or valves/vessel intersect). In addition, it was 
found that fewer microvalves were present in the most superficial layer of the 
subcutaneous tissue of the gaiter region, when compared to the other regions 
examined. If it is assumed that may have a similar role to the large veins of the leg 
(that is, preventing retrograde blood flow and pressure), then it may follow that the 
gaiter regions is at a significantly greater risk of developing venous incompetence due 
to the lower density of microvalves in this region. 
Due to the lower number of valves in the gaiter region, it may be conceivable that 
a relatively low number of microvalves need become incompetent before an entire 
venous drainage territory (venosome) in the regional becomes incompetent. Whereas 
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in the upper and mid calf regions, many more microvalves may be required to become 
incompetent before incompetence extends into a territory. It may be that an 
incompetent venous territory is the initiating factor leading to the development of 
venous ulceration. Therefore, venous ulcers may be more prevalent in the gaiter 
region to the low number of microvalves, and thus, the relative fragility of the venous 
territories of the gaiter skin. 
In summary, this thesis has shown that, in 'normal' cadaveric tissue: 
• Venous valves are present in the very small superficial veins of the human 
lower limb 
• Venous valves are most prevalent in the smallest of the veins (<50 [1m m 
diameter) 
• Approximately 60% of the micro valves are associated with tributaries 
• The ratio of valves sinus height to venous diameter was consistently 0.65 -
regardless of vein diameter, region, or association with tributaries 
• Significantly fewer microvalves are present in the ulcer-susceptible gaiter 
region when compared to the upper and mid calf regions of the leg 
• Valves are least common in the most superficial third of the superficial tissue 
in the gaiter region 
8.2 Microvenous valves in limbs with chronic venous disease. 
It was hypothesised at the beginning of this thesis that the distribution of 
microvenous valves in the microcirculation of the lower limb may help m 
understanding the regional distribution of venous disease within the limb, and why 
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some individuals develop venous ulcers while others do not. This study has gone 
some of the way to answering these questions. 
At the beginning of this study it was hypothesised that individuals that develop 
venous ulcers may have fewer microvalves that the 'normal' population, or perhaps 
that the distribution of the microvalves may be different. However, quantitative 
examination of vascular casts from surgically amputated limbs with chronic venous 
disease revealed that microvenous valves were present, and at a density very similar 
to that identified in the normal cadaveric limbs. While complete regional tissue 
samples from the amputated limbs were not possible to be excised due to the level of 
the amputation, the regional distribution of the microvenous valves from the tissue 
available appeared to be similar to the normal limbs. 
Additionally, the size distribution of veins that contained valves and the 
association between valves and tributaries was not different between those limbs with 
venous disease and the normal cadavers. 
However, the microvalves in the diseased limbs did appear to display 
morphological differences compared with those observed 'normal' limbs. Firstly 
retrograde flow could be generated in the superficial veins of these legs, as 
demonstrated by the retrograde perfusion of resin from the GSV to the papillary loops 
of the dermis - which was not possible in the normal cadaveric limbs, or the surgical 
amputations without venous disease. This valvular incompetence appears likely to be 
associated with stretching of the valves cusps in the venous diseased limbs (as 
measured by the valve sinus height to venous diameter ratio). In support of this, it is 
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commonly described that incompetent valves in the large veins become stretched and 
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amount of reflux may become possible through these stretched valves, then leading to 
further reflux causing tearing of the free edge of the valve cusps, and therefore 
allowing a much greater amount of reflux past the valve 40• 80• 140. Additionally, venous 
valves from an animal model of venous disease (the A-V fistula, porcine model 
described in Chapter 7) also become stretched in response to the altered venous 
haemodynamics caused by the A-V fistula. 
These stretched and incompetent valves in the venous diseased limbs made it 
possible to create retrograde flow within the superficial veins, and therefore 
retrograde vascular casts of the venous system that extended from the GSV through to 
the papillary loops of the dermis. Clearly not all of the valves were incompetent in the 
venous diseased limbs, since numerous proximal casts of venous valves were 
identified, many of the valves must have been incompetent to allow the flow of resin 
through to the papillary loops, an event that was a rare occurrence in the normal or 
arterial ischemic legs. 
Since it has been demonstrated that retrograde flow is possible in the venous 
system of amputated limbs from patients with chronic venous disease, then it may 
also be possible that retrograde flow is possible in venous diseased limbs in vivo. This 
potential retrograde flow, and pressure, in the microcirculation may be the important 
factor that causes venous ulcers to develop in some of the population with venous 
disease while others do not progress further than large varicose veins. Due to the 
small sample numbers and time restraints in this thesis, it has not been possible to 
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further examine the possibilities as to why the microvalves in some individuals 
become incompetent while in other individuals they do not. However, this is an 
intriguing question, the answer to which may considerably aid in the identification of 
patients prone to the progression from simple varicose veins to develop venous ulcers. 
The finding from this research that valve density was not different between the 
normal and venous diseased limbs contravened our initial hypothesis, as described 
above, that venous diseased limbs might have significantly fewer microvalves than 
the normal limbs, therefore partly explaining the extensive venous incompetence in 
the diseased limbs. Since no difference was identified between these groups, it may be 
considered that the groups are not as pathologically different as thought. 
Unfortunately, it was not possible to accurately clinically assess the presence or extent 
of venous disease in the cadaveric limbs used in this thesis. While it has been shown 
by our group that it is possible to predict the class of venous insufficiency based on 
the endothelial morphology 183, this method requires very fresh human tissue (within 
approximately 15 minutes), whereas the cadaveric tissue available for this thesis was 
all 8-18 hours post-mortem. Therefore, while unlikely, it can not be ruled-out that the 
cadaveric 'normal' limbs examined in this thesis also had venous disease, although 
without obvious skin changes. 
In summary, this thesis has shown that, in surgical amputations with venous 
disease: 
• Microvenous valves are present in venous diseased limbs 
• The density, association with tributaries, and size distribution of microvenous 
valves not different from the normal cadaveric limbs 
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• The valves from the diseased limbs were significantly stretched when 
compared to the normals (as measured by the ratio of valve sinus height to vein 
diameter) 
• Valves in diseased limbs were incompetent and allowed retrograde flow from 
the large superficial veins through to the papillary loops of the dermis 
8.3 The role of microvenous valves in normal and venous diseased 
lower limbs. 
While this study has not directly examined the function and role of microvenous 
valves in the circulation, aspects of the role of microvalves may be hypothesised from 
the morphology and distribution of the valves. 
Venous valves in the large veins of the leg close in response to change in pressure 
over their cusps, and therefore prevent the continuation of the retrograde flow into 
more distal venous segments of the leg 23' 35-38• 83 . In the large veins of the leg, this 
retrograde flow is considered to be due to a combination of the effect of gravity and 
the muscle pump activity 23' 35-38' 83 . However, when the very small superficial veins of 
the leg are considered, it seems unlikely that gravity or the muscle pump is able to 
cause retrograde flow in these very small veins. This then raises the question of 'what 
is the purpose or role of the microvenous valves in the circulation?' 
Physiological data has shown that blood flow velocity is smallest in the capillaries 
and post -capillary venules, particularity in those vessels <20~-tm in diameter 
(approximately 2 mm/s) 184. As the diameter of the veins increases the velocity of the 
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blood also increases, and reaches approximately 250 mm/s in the large veins ( 40mm 
in diameter) 185. This increase in the venous blood velocity is considered to be due to 
venomotion in the venules, as vascular smooth muscle cells become present in the 
vessel wall. Since microvenous valves had only been identified in a very small 
number of publications prior to this thesis, there has been very little research 
completed on the role of microvenous valves, with most authors stating that 
microvalves prevent the reflux of blood 26• 57 . However, Lurie and colleagues have 
recently proposed a new role for venous valves in the circulation, which may also 
explain the acceleration of blood flow in the venules greater than approximately 
20~m in diameter 165 . They demonstrate that venous valves in the femoral veins of 
healthy volunteers act to accelerate the anterograde flow of blood by decreasing the 
luminal diameter of the vessel between the valve cusps. It may be possible that this is 
also true in the microvenous valves, and morphological data from this thesis may 
suggest that the function of the microvalves may be similar to that of the large valves 
demonstrated by Lurie and colleagues. This thesis has shown that the ratio of valve 
sinus height to venous diameter is similar within veins of differing diameters (with the 
notable exception of the smallest of the valves from the venous diseased legs). Since 
the acceleration effect of venous valves, as demonstrated by Lurie et al 2003, depends 
on the shape of the valve cusps, then it may follow that this putative function is also 
conserved. If this is the case, then it may offer an explanation to the acceleration of 
the blood velocity in veins from approximately 15-20~m in diameter- the same sized 
veins that contain the smallest of the venous valves identified in this study. 
As described in Chapter Six, the venous valves identified from venous diseased 
legs were significantly stretched when compared to valves from normal legs. This 
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stretching may adversely affect the functioning of these valves, both in preventing 
retrograde flow, and in accelerating anterograde flow. If this hypothesis is correct, 
then it may follow that if the valve shape was altered, such as in the case of the 
significantly stretched valves in the venous diseased limbs, then the functioning of the 
valve may also be significantly altered. In the case of the venous diseased limbs, the 
stretched valves (even if they are competent) may not accelerate the blood flow 
between the cusps to the same extent due to the more obtuse angle made between the 
vein wall distal to the valve, and the valve cusp (Figure 8.1). This may have a 
deleterious effect on the drainage of blood from the lower limbs, and may further add 






Figure 8.1 Example of the effect that stretching of the valve cusps may have on the 
angle made between the valve cusp and the vein wall (arrow indicates direction of 
flow). 
A. An example of a valve from a 'normal' limb with a ratio of valve sinus height to venous 
diameter of approximately 0.60. Note the angle (8) made between the valve cusp and the vein 
wall of approximately 140°. 
B. An example of a valve from a venous diseased limb with a ratio of valve sinus height to venous 
diameter of approximately 0.85. Note the angle (8') made between the valve cusp and the vein 
wall of approximately 150°. 
In conclusion, this study has demonstrated the regional distribution of 
microvenous valves in normal and venous ulcerated lower limbs. All limbs displayed 
a significant difference in the regional distribution of the valves, with a minority of 
microvenous valves present in the lower calf, and especially the gaiter region. While 
venous ulcerated limbs showed no difference in the distribution of valves (compared 
to normal limbs), they did permit venous reflux from the large veins to the dermal 
capillaries. This novel finding has great relevance to our understanding of the 
microcirculation in venous disease and may aid in developing treatment strategies for 
this chronic condition. 
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8.4 Future studies. 
This study is barely the tip of the iceberg in terms of understanding the distribution, 
function, and pathology of microvenous valves. In order to understand microvenous 
valves more fully the most important requirement of future studies will be to increase 
the number of individuals examined. Whether there is an individual variation in the 
density and distribution of microvenous valves can only be established by studies 
involving large population numbers. Ideally, non-invasive means of identifying 
microvenous valves would be most suitable, since it would allow microvalves 
distribution within volunteers to be ascertained. This in vivo approach would also 
make it possible to assess the function of these valves - obviously, observations that 
are not possible to make in cadaveric or amputated material. It may be possible for 
current methodologies to be used to identify the microvalves in vivo. Methods such as 
in vivo confocal microscopy 186-188 , and OPS Imaging 189• 190• 
Clinically, it is well known that venous ulcers are most common in the gaiter 
region, while they are very rarely present on the foot. The reason for this difference is 
not clear. Similar studies to those carried out in this thesis are required to understand 
the density and distribution of microvalves in the human foot. Additionally 
investigations of the functioning and flow patterns within the veins of the foot, and 
the anatomical arrangement of the fascia and dermis of the foot are also required to 
better understand how the foot is 'protected' from developing venous ulcers. 
Determining why the foot does not develop ulceration may assist in the development 
of new strategies to prevent ulcers forming in the gaiter region. 
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Finally, further development and refinement of the porcine model of venous 
disease is also of very high scientific and clinical importance. An acceptable and 
functional animal model of venous disease will be of great benefit to researchers 
investigating the causes and consequences of venous disease. 
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Appendix 1. General preparation and 
fixation of human material. 
Human ethical approval 
Cadaveric tissue 
Cadaveric tissue used in this thesis (Chapters 2-5) was received through the 
Department of Anatomy and Structural Biology, University of Otago. All of this 
tissue was from individuals who had bequeathed their bodies to scientific research. 
This tissue was controlled by the Human Tissues Act. Prior to commencement of this 
research project, ethical approval was obtained for the use of the human tissue though 
the human ethics committee of the Department of Anatomy and Structural Biology. 
All human tissue samples were identified by a unique identified code which 
anonymously identified the individual from which the tissue was removed. All 
research conducted on human tissue in this thesis was conducted in an ethical manner. 
Surgical tissue 
Human tissue used in the Chapter 6 of this thesis was approved by the Otago 
Human Ethics Committee. Written informed consent was obtained from all patients 
prior to tissue being received for research. At any stage if the patient decided to 
withdraw their consent for the tissue to be used for research purposes the tissue would 
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be disposed according to the normal hospital tissue disposal protocols. All tissue has 
labelled with a unique identifier number. A 'code book' which linked the unique 
identifier number to the patient details was kept in a locked filing cabinet in the 
Surgery Department and could only be accessed by authorised personnel. All human 
tissue received through the Department of Surgery was processed ethically. 
Cadaver flushing and fixation. 
Cadavers used in this investigation were received within 18 hours of death. Upon 
arrival in the mortuary of the Department of Anatomy and Structural Biology, the 
cadaver was washed and shaved as required. A sagittal skin incision was made with a 
disposable scalpel on the right inguinal skin crease, and the right femoral artery and 
vein identified and bluntly dissected. Loops of suture were placed around the femoral 
artery and vein to aid in controlling and closing the vessels during and after 
embalming. The femoral artery was then opened with a small transverse scissor 
incision and cannulated with a large stainless steel cannula. Cannula were placed 
facing both directions within the femoral artery, with one cannula flowing distally 
down the right femoral artery, while the other cannula faced proximally flowing 
towards the external iliac artery. In this way, the entire cadaver was perfused as 
evenly as possible. Normal (0.9%) saline was perfused int~ the right femoral artery 
via a Portaboy embalming pump at low flow and pressure. The right femoral vein was 
then opened and the saline continued to be perfused until the efflux from the femoral 
vein was clear of blood. When required, thrombi were removed from the femoral vein 
with fine forceps. 
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During the flushing of the cadaver, the lower limbs and feet were massaged and 
augmented to aid in the return of blood and thrombi. 
Following the flushing procedure, the cadaver was fixed with 10% neutral buffered 
formalin (NBF). Approximately 15 litres of 10% NBF were perfused into the femoral 
artery. Initially, approximately two litres of 10% NBF was perfused distally down the 
femoral artery of the right limb. The perfusion direction was then changed to perfuse 
the remainder of the 10% NBF in a proximal direction, towards the external iliac 
artery. While the NBF was being perfused the lower limbs and feet were continued to 
be thoroughly massaged and augmented to ensure that the tissue were well perfused 
and fixed. Towards the end of the process, the femoral vein was closed using a pair of 
large artery clamps, and the final five litres of 10% NBF was perfused into the closed 
system. Once this fixation protocol was completed, the cadaver was left undisturbed 
for at least 24 hours. 
Surgical specimen flushing. 
Surgical amputations were received from the vascular surgical team, Department 
of Surgery, Dunedin Public Hospital, within one hour of completion of the procedure. 
Upon reception of the tissue, a cannula was inserted into a major artery (if 
available) or a distal vein. The tissue was then thoroughly flushed with heparinised 
saline until the efflux from the tissue was clear. The majority of the tissue received 
from surgery was processed fresh, with no fixation. 
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If tissue was to be processed for histology or E 12 sheet plastination the tissue must 
be fixed with 10% NBF. For those surgical tissues that were fixed, the protocol used 
was very similar to that for cadaveric fixation. 10% NBF was perfused through the 
tissue using a gravity feed system (at approximately 1.5 meters elevation). As the 
fixative was perfused, the major vessels at the proximal end of the tissue were closed 
in succession as the fixative solution became present in their lumens. This assisted in 
obtaining a more complete perfusion and fixation of the tissue. 
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Appendix 2. Protocol for embedding 
tissue in glycolmethacrylate. 
Tissue samples 0.5cm2 in surface area and the entire thickness of the superficial 
tissue, including the deep fascia were removed from the formalin fixed cadavers and 
unfixed surgical specimens. These tissue samples were all removed from limbs that 
had been previously cast with Batson #17 vascular casting resin. Due to the relatively 
large size of these tissue blocks, an extended glycolmethacrylate (GMA) embedding 
protocol was used. After fixation tissue samples were put through the following 
procedure: 
70% ethyl alcohol overnight 
95% ethyl alcohol overnight 
Absolute ethyl alcohol overnight 
GMA monomer 1 overnight 
GMA monomer 2 overnight 
GMA monomer 3 overnight 
GMA monomer 4 overnight 
GMA monomer 5 overnight 
Polymerise in promoted GMA monomer (GMA polymer) 
Each change of glycolmethacrylate monomer included: 
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2-Hydroxyethylmethacrylate (88 ml) 
2-Butoxyethanol (12 ml) 
Benzoyl peroxide (0.45 g) 
GMA polymer is prepared by adding promoter solution (Polyethylene glycol 400 
(8ml) and N-N-dimethylaniline (lml)) to freshly prepared monomer at the rate of lml 
promoter to 50ml of monomer. 
Polymer is poured into the mould, the tissue is then orientated in the mould, and 
the chuck sat in place. With peel-away moulds, a flat cover is placed over the top 
ensuring all air is removed. The moulds can be placed in iced water in a vacuum 
chamber. Be careful not to allow the water to come above the wing of the mould.· The 
chamber is placed under vacuum and left for several hours for polymerisation to take 
place. 
Alternatively, wrap the moulds in aluminium foil to exclude as much air as 
possible and place in the freezer ( -25°C) for an hour or so. Then remove to the 
refrigerator ( 4 °C) and leave overnight for polymerisation to take place. 
Polymerised blocks are ready for sectioning. 
Technical notes. 
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All procedures involving GMA monomer and promoter solution must be 
carried out under a fume extraction system. 
If the promoter is not completely clear it has started to age and breakdown - do 
not use. Make up fresh promoter. 
N-N-dimethylaniline is extremely toxic - use with caution. Open container 
towards rear of fume hood so that there is no likelihood of toxic fumes 
escaping into the laboratory. 
When finished gloves, paper tissues and lml syringes (if used) are disposed of 
in the closed rubbish container in the fume hood. Any glassware used is 
washed in the fume hood before final washing in the laboratory wash up area. 
When casting, if using Sorval moulds, about 2 to 3 ml of polymer is allowed 
for each tissue block. If using Peel-Away moulds allow 15 to 20 ml per tissue 
block. 
GMA is an acrylic resin consequently there is no need to remove all the water 
from the tissue before infiltrating with monomer. 
GMA undergoes little contraction in changing from the liquid to the solid state 
(polymerisation). Therefore, there is little tissue shrinkage, and due to the 
hardness of the resin, there is little or no compression during sectioning, 
resulting in few artefacts. 
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Appendix 3.Publications. 
Papers in peer-reviewed journals. 
1. Phillips, M., Nash, L., Barnett, R., Nicholson, H. and Zhang, M. (2002). 
"The Use of Confocal Microscopy for the Examination of E12 Sheet 
Plastinated Human Tissue." Journal of the International Society for 
Plastination 17: 12-16. 
2. Phillips, M. N., Jones, G. T., van Rij, A. M. and Zhang, M. (2004). 
"Micro Venous Valves of the Superficial Vessels of the Human Lower 
Limb." Clinical Anatomy 17: 55-60. 
3. Nash, L. G., Phillips, M. N., Nicholson, H., Barnett, R. and Zhang, M. 
(2004). " Skin Ligaments: Regional Distribution and Variation in 
Morphology." Clinical Anatomy 17: 287-293. 
Published abstracts. 
1. Phillips, M. N., van Rij, A. M., Zhang, M. and Jones, G. T. (2002). 
"Microvenous Valves in Venous Disease." New Zealand Medical 
Journal US. 
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2. Phillips, M. N., Jones, G. T., van Rij, A.M. and Zhang, M. (In Press). 
"Microvenous Valves in the Superficial Veins of the Human Lower 
Limb." Phlebology Digest. 
International conference presentations. 
1. Phillips, M. N., Barnett, R. and Zhang, M. (2000). Confocal 
Microscopy and E12 Sheet Plastination. The l01h International 
Conference on Plastination, Saint-Etienne, France. 
2. Phillips, M. N., Zhang, M. and van Rij, A. M. (2QOO). Valves Are 
Abundant in Small Superficial Veins of the Human Lower Limb. The 
lOth International Conference on Plastination, Saint-Etienne, France. 
3. Phillips, M. N., Zhang, M. and van Rij, A. M. (2000). Valves Are 
Abundant in Small Superficial Veins of the Human Lower Limb. The 
3rd Joint Meeting of the American and British Associations of Clinical 
Anatomy, Cambridge, England. 
4. Phillips, M. N., van Rij, A. M., Zhang, M. and Jones, G. T. (2002). 
Microvenous Valve Morphology Differences between Normal Limbs 
and Limbs with Venous Ulceration. Royal Australasian College of 
Surgeons, Annual Scientific Congress, Adelaide, Australia. 
5. Phillips, M. N. (2002). The Microvenous Circulation in Venous 
Ulceration. 'Vascular 2002'- The Combined Meeting of the Australian 
294 
and New Zealand Society for Vascular Surgery, The Michael E 
DeBakey International Surgical Society, and Australian and New 
Zealand Chapter of the International Union of Angiology, and the 
ANZSVS Vascular Imaging Symposium, Gold Coast, Australia. 
6. van Rij, A. M., Jones, G. T., Zhang, M. and Phillips, M. N. (2003). 
Microvenous Valves in the Normal Human Lower Limbs and Chronic 
Venous Insufficiency. International Union of Phlebology World 
Congress, San Diego, USA. 
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